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Abstract 
Novel insights into hair structure and the effects of chemical stressors on hair and 
skin using label-free advanced light microscopy 
By Rebecca Duit 
There is a need for a better method to image hair as the current methods involve 
embedding the hair in resin, which may produce artefacts, or using dyes which are 
limited in their depth of penetration into the hair. The research performed in this thesis 
endeavours to characterise the cellular structure of human hair with label-free imaging 
using autofluorescence and fluorescence lifetime imaging. Wavelengths were shown to 
selectively excite the hair cuticle, cortex and medulla, and subcellular compartments. 
Development of an optical transverse imaging method enabled discoveries including 
different fluorescence lifetimes across the cuticle cell layers and suggests the cuticle 
layers possess differing chemical environments. A new method was developed to 
distinguish between eumelanin and pheomelanin using 405nm and 633nm wavelengths. 
The newly developed methods were additionally used in the characterisation of an 
unidentified hair and skin disorder, which found poorly differentiated cuticle cells and 
showed differences in the fluorescence lifetimes of the hair compared to control hairs. 
The hair care industry needs more efficacious chemical depilatories and information into 
their action. This was elucidated using the developed methods and a new dynamic 
imaging method. Potassium thioglycolate was shown to cause drastic expansion of the 
hair which was amplified by the addition of guanidine carbonate, creating fissures 
through the cuticle and into the cortex. Other experimental depilatory formulations 
were tested and were found to have varying effects upon the structure of the hair. 
New chemical depilatories require development because existing depilatories can cause 
irritation in the skin. Potassium thioglycolate and guanidine carbonate were tested on 
HaCaT cells, isolated cornified envelopes, and HEKn cells in a 3D epidermal model. An 
investigation into the differentiation, proliferation and acute stress response of the cells 
showed that the treatments had no significant effect on these markers. However, the 
chemicals negatively affected HaCaT cell viability and damaged the cornified envelopes. 
Despite this, the viability and structural integrity of the living cells of the epidermal 
model were maintained through the protection provided by the stratum corneum. 
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1.1. Introduction 
Hair has long been an object of interest, for people interested in a wide range of fields 
from fashion, to hair care, to medicine, to forensics, to the use of other similarly 
structured fibres such as wool (Bost, 1993; Shimomura and Christiano, 2010; Plowman 
et al., 2012; Crawford and Hernandez, 2014; Kim et al., 2016). Hair is present all over the 
human body apart from the palms, soles and lips. It exists in different colours, lengths, 
thicknesses, cross-sectional shapes and textures (straightness or curliness) (De la 
Mettrie et al., 2007; Randall and Botchkareva, 2009; Buffoli et al., 2014). These variable 
characteristics enable hairs to perform different roles both in humans and other 
mammals. Hair is important to an individual as it provides protection, from scalp hair 
protecting against sunburn, to eyebrows and eyelashes protecting the eyes from dirt 
and sweat (Randall and Botchkareva, 2009; Trueb, 2015). Hair has a role in 
attractiveness as it is important in both sexual and social communication, as well as 
being an indicator of health (Randall and Botchkareva, 2009; Trueb, 2015). Society 
invests time and money in hair care, and disorders of the hair have a psychological 
impact (Girman et al., 1998). During puberty, vellus hairs transition to terminal hairs and 
signal sexual maturity. Hair also marks seniority, such as with male-pattern baldness or 
the silver-backed gorilla (Randall and Botchkareva, 2009;). Changes in hair colour can 
also occur seasonally in mammals for camouflage purposes, such as in the arctic hare, 
which transitions from brown or grey fur in the summer to white fur in the winter 
(Stoner et al., 2003). Hair has a role in the thermoregulation of mammals, and some 
species such as the polar bear have larger medullas in their hairs for insulation (Harrison 
and Davis, 1999). The hair follicle delivers sensory information and contains 
neuroreceptors such as in whiskers (Buffoli et al., 2014). Hair is present on almost all 
land-mammals and transitions through four stages of hair growth: anagen (growth 
phase), catagen (transition phase), telogen (resting phase) and exogen (shedding phase) 
(Higgins et al., 2009). In this study human head hair will be the focus and the hair is 
investigated both for pure scientific research into its structure and for the hair care 
industry and the effects of chemical depilatory treatments upon the hair. 
The hair has been studied extensively in the twentieth and twenty-first centuries. With 
high resolution confocal microscopy and relatively new techniques such as fluorescence 
lifetime imaging microscopy, this study is the first to gather high resolution images 
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of the hair using label-free imaging. These techniques have led to new insights into hair 
structure and advancement in the understanding of the effect of commercial and novel 
chemical depilatories on the structure and morphology of human hair. 
In this literature review the structure and function of hair, the hair follicle and hair cycle, 
hair cell differentiation, diseases affecting the hair, and confocal microscopy will be 
discussed. The structure of hair section explores the components of the cuticle, cortex 
and medulla in detail to provide a basis for what this study builds upon. The hair follicle 
cycle and drivers are inspected. An overview is given of factors which affect the 
differentiation of the hair shaft. The phenotypes expressed in hair by people with 
various diseases is discussed as it relates to the hair from the patient with an 
uncharacterised disease which is investigated in this study, and this discussion shows 
the scope of diagnostic potential with label-free confocal microscopy. Finally, the 
workings and applications of confocal microscopy and autofluorescence in hair are 
reviewed. 
1.2. Hair structure 
The human hair consists of three main compartments: the cuticle, the cortex, and the 
medulla (fig. 1.1). The cuticle gives the hair its proteinaceous and hydrophobic barrier 
against chemical, mechanical and thermal challenges (Robbins, 2012). The cortex is 
made up of spindle-shaped cells filled mostly with keratin intermediate filaments (KIFs), 
but also contains most of the melanin and makes up the main body of the hair fibre 
(Langbein and Schweizer, 2005). The medulla is only present in some hairs, and if 
present it runs through the centre of the hair and it may be thick or thin, continuous or 
fragmented (Wagner et al., 2007). 
1.2.1. Keratin intermediate filaments 
The formation of KIFs are shown in figure 1.2 and demonstrate that the basic unit of KIFs 
are monomers which comprise helical domains interrupted three times by nonhelical 
domains and terminate with the nonhelical nitrogen and carbon termini (Robbins, 
2012). These monomers form coiled coil heterodimers with one type I acidic polypeptide 
dimerising with one type II neutral to basic polypeptide which vary in their amino acid 
sequences. There are eleven acidic and six basic monomer polypeptides (Langbein et al., 
2007). Two dimers then coil together in a staggered anti-parallel array to form a 
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tetramer. These tetramers then assemble end-to-end to form protofilaments, which coil 
rope-like in bundles of eight to form KIFs (Crewther et al., 1983; Rafik et al., 2004). Inside 
the macrofibrils, there is more matrix than KIF (Menkart et al., 1966). Electron 
microscopy has been used to distinguish the darkly stained matrix with osmium 
tetroxide and the unstained KIFs revealing a heptad structure of intermediate filaments 
surrounded by matrix (Filshie and Rogers, 1964; Crewther et al., 1983). A summary of 
the type I and type II KIFs found in the cuticle, cortex and medulla of the hair shaft are 
shown in table 1.1. 
Hair compartment Type I Type II 
Cuticle K32, K35, K39, K40 K82, K85 
Cortex K31, K33a, K33b, K34, K35, 
K36, K37, K38, K39 
K81, K83, K85, K86 
Medulla K14, K16, K17, K19, K25, 
K27, K28, K31, K33a, K33b, 
K34, K36, K37, K38, K39 
K5, K6, K7, K75, K80, K81, 
K83, K85, K86 
Table 1.1. KIFs of the hair shaft. Type I and type II KIFs located in the cuticle, cortex and 
medulla of the fully differentiated hair shaft (Langbein et al., 2010). 
1.2.2. Keratin associated proteins 
Keratin associated proteins (KAPs) are near-spherical proteins which aggregate via 
disulphide bonds to form ellipsoidal proteins within the matrix of the hair cortex or in 
the cuticle (Suzuta et al., 2012). The KAPs interact with the KIFs through intermolecular 
forces and do not have a helical structure like the KIFs. In human hair an aggregate of 
approximately six KAPs form against one KIF (Suzuta and Arai, 2015). There are three 
main types of KAP in the hair: ultra-high sulphur KAPs, high sulphur KAPs, and high 
glycine-tyrosine KAPs. The four families of ultra-high sulphur KAPs contain at least 20% 
serine and 30% cystine, whereas the fourteen high sulphur KAP families contain only 20-
30% cystine, and the seven high glycine-tyrosine KAPs comprise 35-60% glycine or 
tyrosine (Rogers et al., 2001; Matsunaga et al., 2013). High and ultra-high sulphur KAPs 
are likely to interact with the KIFs through disulphide bonds, though high glycine-
tyrosine KAPs are more likely to interact with other proteins in the hair such as 
desmoplakin to provide mechanical strength (Matsunaga et al., 2013). The high glycine-
tyrosine KAP8.1 has also been shown to bind to K85 (Matsunaga et al., 2013). In another 
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study the high-sulphur KAP11-1 has been shown to adhere to cortical and medullary 
keratins K31, K33 and K34 without the need for disulphide cross-links, though it is likely 
that disulphide bonds are still required for the stabilisation of the KIF-KAP complexes 
(Fujimoto et al., 2014). The amounts of different KIFs and KAPs vary between individuals, 
due to factors including genetics, age, or diet (Laatsch et al., 2014). A summary of the 
KAPs located within various hair shaft compartments are summarised in table 1.2. 
Ultrastructural 
location 
KAP type 
High sulphur Ultra-high 
sulphur 
High glycine-
tyrosine 
Epicuticle  5, 10  
A-layer 12 4, 5.1, 10.1  
Exocuticle 1.1, 1.2, 1.3, 2.3, 
3.2, 11.1, 12.1, 
13.1, 13.2, 15.1, 
16.6, 23.1, 24.1, 
26.1 
4.8, 4.12, 5.1, 
5.5, 9.2, 9.8, 10.1 
6.1, 7.1, 8.1, 
19.1, 19.3, 19.4, 
19.6, 21.2 
Endocuticle 26   
Cortex matrix 1, 2, 3, 11.1, 13.2 4, 9 6, 7, 19.1, 19.2, 
20.1 
Table 1.2. KAPs of the cuticle and cortex. Location of KAPs within the fully differentiated 
hair shaft (Jenkins and Powell, 1994; Rogers et al., 2001; Shimomura et al., 2003; Rogers 
et al., 2004; Rogers and Langbein, 2006; Bringans et al., 2007; Rogers et al., 2007; Rogers 
et al., 2008; Koehn et al., 2009; Rogers and Koike, 2009; Jones et al., 2010; Fujikawa et 
al., 2012; Fujikawa et al., 2013). 
1.2.3. The cuticle 
The scalp hair cuticle consists of approximately five to ten layers of flattened cells which 
overlap circumferentially and longitudinally. Each cuticle cell is attached at the proximal 
end and the free edge is towards the distal end of the hair. The cells are approximately 
0.3-0.5µm thick and the external visible length of each cell is approximately 5-10µm. 
This structure could help anchor the hair into the skin (Kiso et al., 2009), and the 
overlapping cells may aid with the frictional removal of material, such as dirt, from the 
hair (Moncrieff, 1954). The cuticle is also the barrier to the cortex of the hair and the 
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multiple cuticle cell layers provide protection from weathering, especially ultra-violet 
(UV) damage, chemicals and torsional forces (Tate et al., 1993; Gamez-Garcia, 1999; 
Ruetsch et al., 2000; Harper and Kamath, 2007; Richena and Rezende, 2015). In addition, 
the cuticle aids in the retention of water within the hair, similar to the stratum corneum 
which provides a barrier in the epidermis (Serita et al., 2014). 
The cuticle contains β-keratin sheets, rather than α-helical keratins, which bond with 
KAPs (Shimomura and Ito, 2005; Stanic et al., 2015). KAPs 5, 10, 12 and 17.1 are known 
to be present in the cuticle (Rogers et al., 2006; Jones et al., 2010). The highest 
expression of keratins in the cuticle are type I keratins K32 and K35, with lower 
expression of K39 and K40, and the highest expression of type II keratins are K82 and 
K85, with K82 specific to the cuticle (Langbein et al., 1999; Langbein et al., 2001). 
A cuticle cell is comprised of several sublamellar structures: the outer β-layer at the 
surface of the hair, the epicuticle, the A-layer, the exocuticle, the endocuticle, and the 
cell membrane complex which is made up of the inner β-layer, δ-layer, and the outer β-
layer once more as a new cell begins (fig. 1.3). 
1.2.3.1. The cuticle cell membrane complex 
The cell membrane complex (CMC) is present between the cuticle cells, cortical cells, 
and between the innermost cuticle cells and outermost cortical cells. The constituents 
of these three CMCs differ, though all are comprised of an inner β-layer, δ-layer, and the 
outer β-layer and contain non-keratinous proteins and lipids. In this section the cuticle 
CMC shall be discussed. 
It was originally suggested that the epicuticle and the adjoining outer β-layer only 
covered the surface of the hair (Lindberg et al., 1948). To prove this incorrect, the 
Allworden reaction was performed on isolated cuticle cells which used chlorine water to 
diffuse into the cuticle cells and attack the thioester bonds to remove the lipids from the 
cuticle surface, and resulted in bubbles forming on the hair surface, which showed that 
the CMC is present in each cuticle cell (Allworden, 1916; Leeder and Bradbury, 1968). 
The cuticle CMC is not made up of phospholipids as lipid bilayers are in living cells 
(Leeder et al., 1983). This mirrors the changes in the differentiation of the stratum 
corneum in the epidermis as the lipid bilayers are replaced by covalently attached 
ceramide lipids on surfaces of cornified envelopes comprising cross-linked proteins by 
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transglutaminase-1 and transglutaminase-3 (Rice and Green, 1977; Nemes and Steinert, 
1999; Thibaut et al., 2009; John et al., 2012). Robbins showed that the covalently bound 
lipids of the outer β-layer and the inner β-layer exist as monolayers (Robbins, 2009). 
The CMC β-layers are thought to be approximately 3nm thick (Swift, 1999; Kreplak et 
al., 2001b; Ohta et al., 2005; Robbins, 2012). The β-layers of the cuticle cells are mainly 
covalently bound lipids with some free lipids. The outer β-layer of the cuticle cell 
contains fatty acids, which gives it hydrophobic properties and a low friction surface 
(Scott and Robbins, 1980). The outer β-layer is sometimes called the fatty layer, or F-
layer, because of the presence of 18-methyleicosanoic acid (18-MEA), which is bound 
through thioester linkages to the epicuticle (Jones and Rivett, 1997). Mammalian 18-
MEA is unique to the hair cuticle, although bacteria are also able to synthesise 18-MEA 
(Jones and Rivett, 1997). Synthesis of 18-MEA requires the precursor amino acid, 
isoleucine, and a branched-chain 2-oxo acid dehydrogenase, an enzyme which sufferers 
of maple syrup urine disease do not possess (Jones and Rivett, 1997). Most of the other 
covalently bound fatty acids are in the inner β-layer (Jones et al., 1996; Harper, 1989), 
and include oleic (C18:1), stearic (C18:0) and palmitic (C16:0) acids (Robbins, 2012). The 
importance of the hair lipids to the integrity of the cuticle is highlighted by a deficiency 
in a palmitoyl-acyl transferase, which has been shown in mice to disrupt the hair cuticle 
and epidermal cornified envelopes, resulting in a poor ability to anchor the hair within 
the follicle (Liu et al., 2015). 
By using isolated cuticle cells, all of the 18-MEA was shown to be located in the cuticle 
(Kalkbrenner et al., 1990). To pinpoint the location of 18-MEA in the cuticle, hair from 
maple syrup urine disease sufferers, who are deficient in 18-MEA, was studied using 
transmission electron microscopy (TEM) and lipid analysis. This study showed that a 
structural defect was only present on the top of the cuticle cells in the outer β-layer, 
determining the location of 18-MEA to be in the outer β-layer (Jones et al., 1996). Of the 
covalently bound lipids in the outer β-layer, 41% are 18-MEA (Wertz and Downing, 
1988). The thickness of 18-MEA in this layer is 2.28nm (Swift, 1999; Robbins, 2012), and 
it is present as a monolayer with 1nm spacing between molecules and covalently bound 
with a thioester linkage to an ultra-high sulphur protein, likely to be KAP 5 or 10, in the 
A-layer (Negri et al., 1993; Rogers and Koike, 2009). There is more 18-MEA towards the 
root of the hair, where there has been less damage to the cuticle and the least 
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hydrolysation of the fatty acid (Negri et al., 1993). However, the outer β-layer can be 
removed by alcoholic alkali or chlorine water in acidic conditions to enhance dye uptake, 
without the loss of the structural integrity of the hair (Leeder and Rippon, 1985). 
Through the use of atomic force microscopy, Swift and Smith found that the cuticle is 
not smooth. They discovered step discontinuities, called “ghosts”, on the surface of the 
cuticle, which outlined the original location of the overlying cell before its edge had been 
eroded away. There was also a difference in the longitudinal angular appearance of the 
surfaces about each ghost. This meant that the distal ends of the cuticle cells had been 
developed in the hair follicle to be thicker there than where the cells are adjacent to 
each other. Using the evidence for the ghosts, Swift and Smith could show that when 
the cuticle cell is eroded away, the fracture occurs between the outer β-layer and the δ-
layer, leaving a new cuticle cell surface covered with 18-MEA (Swift and Smith, 2000). 
The δ-layer of the CMC is 16nm thick and has been shown to contain desmoglein 4 and 
plakophilins 1 and 3. This is interesting as plakophilins are part of the intracellular plaque 
in desmosomes, and desmogleins are desmosomal cadherins, the transmembrane 
adhesion proteins to desmosomes. This suggests the δ-layer could be a desmosomal 
remnant (Swift and Smith, 2002; Alibardi et al., 2013). These proteins have also been 
found in the endocuticle along with other organelle remnants and between cortical cells 
(Alibardi et al., 2013). 
1.2.3.2. The epicuticle 
The epicuticle is one of the main uppermost barriers and it consists of approximately 
75% protein and 25% lipid and is approximately 13nm thick (Negri et al., 1993; Swift and 
Smith, 2001). The epicuticle was removed from the hair by hot ethanol treatment and 
was shown to contain a fatty acid/protein complex consisting of protein (60-70%) with 
more lysine than cystine (12%), and fatty acids (20-30%) (Holmes, 1961). Of the protein 
present in the epicuticle, some are identified as KAPs 5 and 10 (Rogers and Koike, 2009). 
Swift and Smith also found striations on the undamaged surface of the epicuticle after 
the removal of the outer β-layer. Where there was damage, the striations terminated at 
the ghost edge of the cell. These ridges were approximately 9nm in height, and were in 
parallel array, with a lateral repeat spacing of approximately 350nm. The evidence 
showed that the striations were formed on the outer surface of each cuticle cell after 
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contact with the inner root sheath in the hair follicle (Swift and Smith, 2000; Swift and 
Smith, 2002). 
1.2.3.3. The A-layer 
The A-layer is approximately 110nm thick and is located between the epicuticle and the 
exocuticle. It is the most densely cross-linked part of the hair comprised of the 
disulphide bonds in cystine and isopeptide groups between glutamine and lysine 
(Steinert and Marekov, 1997). The KAPs 4, 5, 10, 12 are present in the A-layer (Bringans 
et al., 2007; Rogers and Koike, 2009; Jones et al., 2010). The isopeptide cross-links by 
transglutaminase-3 make the A-layer less susceptible to solubilisation by thioglycolate 
(Rice et al., 1994; Thibaut et al., 2009; Laatsch et al., 2014), and mirrors the cross-linking 
of proteins by transglutaminase-1 and transglutaminase-3 in the cornified envelopes of 
the stratum corneum (Rice and Green, 1977; Nemes and Steinert, 1999; Thibaut et al., 
2009; John et al., 2012). The exocuticle and the A-layer form the stabilisation for the 
proteinaceous barrier, which is supported by their constituent ultra-high sulphur KAPs, 
making them more resistant to chemical reagents (Jones, 2001; Alibardi, 2016).  
1.2.3.4. The exocuticle 
The exocuticle has been shown to comprise approximately 20% cystine, 44% non-polar 
amino acids, 10% acidic amino acids and 7% basic amino acids, and has a high level of 
disulphide cross-linking (Bradbury and Ley, 1972; Swift and Bews, 1976; Swift, 1999). 
The exocuticle is known to contain KAPs 1.1, 1.2, 1.3, 2.3, 3.2, 4.8, 4.12, 5, 5.5, 6.1, 7.1, 
8.1, 9.2, 9.8, 10, 11.1, 12.1, 13.1, 16.6, 19.3, 24.1 and 26.1 (Jenkins and Powell, 1994; 
Rogers et al., 2004; Rogers et al., 2008; Koehn et al., 2009; Jones et al., 2010; Fujikawa 
et al., 2013), though their bonding to KIFs K32, K35 and K85 are likely to be through 
disulphide bonds as the exocuticle is almost absent from isopeptide cross-links (Swift 
and Bews, 1976; Swift, 1999; Rogers et al., 2007). Its size varies within the cuticle cell 
with the varying size of the endocuticle, though on average it is 200nm thick (Swift, 1979; 
Swift, 1999). 
1.2.3.5. The endocuticle 
Beneath the exocuticle is the endocuticle, which by contrast has little or no sulphur-
containing proteins. The size of the endocuticle varies with the exocuticle and is on 
average 175nm thick (Swift, 1999). The endocuticle contains a low quantity of cystine of 
approximately 3%, with few disulphide bonds and little isopeptide cross-linking, and 
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along with polar amino acid residues this makes the endocuticle susceptible to swelling 
from hydration (Swift and Bews, 1976). The nucleus and other organelles of the cell are 
also flattened inside the condensed cytoplasm (Birbeck and Mercer, 1957). 
1.2.4. The cortex 
The cortex makes up the majority of the mass of the hair and is comprised of spindle-
shaped cortical cells which run longitudinally along the hair fibre. Apart from the keratin 
and melanin present within them, these cells are air-filled pockets also called cortical 
fusi (Choi et al., 2012). Cortical cells are 1-6µm in diameter and approximately 100µm in 
length. The cortical cells mainly consist of hard α-KIF organised into macrofibrils. The 
macrofibrils are semi-crystalline and are approximately 100-400nm in diameter, and the 
KIFs are 7.5nm in diameter (Bhushan, 2010). 
The cortex is high in cystine, but not as high as in the cuticle. The cortex is richer in 
diacidic amino acids, lysine and histidine than the cuticle and there are more 
unsaturated fatty acids in the cortex than the cuticle (Takahashi and Yoshida, 2014). 
Many different KAPs occur in the cortex, mostly KAPs 1, 2, 3, 4, 7, 9, 19.1, 19.2 (Rogers 
and Langbein, 2006). The KIFs present in the cortex are type I: K31, K33a, K33b, K34, 
K35, K36, K37, K38, K39 and type II: K81, K83, K85, K86 (Langbein et al., 2010). 
The cortex is attached to the cuticle through a process involving phagocytosis which 
results in interlocking structures between the cortex, CMC and the endocuticle (Piper, 
1966). In addition, in the CMC between the cuticle and cortex there are steryl glycoside-
like lipids containing N-acetylglucosamine which aid in the adhesion between the cuticle 
and cortex and provide flexibility to the hair shaft (Takahashi and Yoshida, 2014). 
1.2.4.1. Macrofibrils 
Cortical cells are made up of bunches of macrofibrils which are spindle-shaped. The 
macrofibrils themselves consist of KIFs in a matrix, otherwise known as the amorphous 
region of the hair (Randebrock, 1964). 
The KIFs are connected by intercellular desmosomes to provide rigidity to the hair fibre 
(Bazzi and Christiano, 2007). The KIFs are low in cysteine (approximately 6%), whereas 
the amorphous matrix of the macrofibrils which contain the KAPs is high in cysteine 
(approximately 21%) (Bhushan, 2010). The cysteine residues in the end domains of the 
KIFs can form disulphide bonds with the KAPs in the matrix (Robbins, 2012). The KIFs are 
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rich in leucine, glutamic acid and amino acids normally found in the α-helical proteins, 
and lower in cystine, lysine and tyrosine (Leeder and Rippon, 1982). Keratins in the 
matrix are K32, K35 and K85. Type I keratins of the middle to upper cortex are K31, K33a, 
K33b, K34, K35, K36, K37, K38. Type II keratins of the cortex are K81, K83, K85, K86 
(Langbein et al., 1999; Langbein et al., 2001). These KIFs have a common central helical 
rod (Jenkins and Powell, 1994), but differ in their amino and carboxyl domain sequence 
and size (Langbein and Schweitzer, 2005). The KIFs can form structures which are very 
anisotropic, giving hair its unique mechanical properties including being highly elastic 
and swelling with hydration (Fraser et al., 1976; Briki et al., 1998). Since the matrix 
contains the highest concentration of disulphide bonds in the cortex it has a high affinity 
to water and swells when wet (Suzuta and Arai, 2015). 
In wool, the packing of the KIFs within the macrofibrils affects the shape of the fibre: 
KIFs in the paracortex are arranged laterally and are present in straight fibres, in the 
orthocortex the KIFs within macrofibrils are double-twisted as if around a central pole 
resulting in curliness, and the mesocortex is a mixture of both also found in wool 
(Plowman et al., 2007). The packing of KIFs within macrofibrils is less clear in human hair, 
as all KIFs appear double-twisted and the tilt-angles of KIFs within and between 
macrofibrils vary more than in wool (Harland et al., 2014). The alignment of the KIFs 
appears disordered in the cortex, except for close to the cuticle boundary where they 
are highly ordered (Stanic et al., 2015).  
1.2.4.2. Cortical cell membrane complex 
Like the cuticle, the cortex also has a CMC between the cells, although there are many 
differences between the cortical CMC and the cuticle CMC (Robbins, 2009). In the 
cortical CMC the outer β-layer and the inner β-layer are lipid bilayers, which are not 
covalently bonded, but are attached to the cortical cell membrane and the δ-layer by 
polar and ionic bonds, and are likely to be resistant to acids, alkalis, oxidation and 
reduction (Negri et al., 1996; Robbins, 2009). The cortical CMC is mostly comprised of 
fatty acids, followed by cholesterol sulphate, and fewer ceramides and cholesterol 
(Robbins, 2012). The δ-layer of the cortical CMC is also different to the δ-layer of the 
cuticle CMC as it has five sub-layers consisting of different proteins to that of the cuticle 
CMC δ-layer (Robbins, 2009). There is a higher disulphide content in the cortical CMC δ-
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layer than the cuticle CMC δ-layer (Nakamura et al., 1975), even though the cortical CMC 
also has less cystine than the cuticle CMC (Peters and Bradbury, 1972). 
1.2.4.3. Organelle remnants 
In the centre of some cortical cells, organelle remnants are present, with the long axis 
of the organelle parallel to the hair fibre. The specific identity of organelle remnants has 
raised disagreements. Some researchers believe they are remnants of the nucleus (Kelch 
et al., 2000; Fischer et al., 2011; Szabo et al., 2012), while others think they are remnants 
of other organelles (Harland et al., 2011). Despite claims to these organelles being 
nucleic or otherwise, few papers have offered any evidence. 
Nuclear remnants are the result of the breakdown of the chromatin in the nucleus by 
Deoxyribonuclease 1-like2 (DNase1L2) when the hair keratinocytes undergo terminal 
differentiation (Fischer et al., 2011), leaving the nuclear envelope intact. The number of 
nuclear remnants in the hair differs between individuals and even in the same individual 
(Szabo et al., 2012). However, no correlation was found between the frequency of 
nuclear remnants and hair colour, or with age of the individual (Szabo et al., 2012), 
although this may be an artefact created by an attenuation of signal by the melanin in 
the hair. Nuclear remnants were also found to be present in a range of body hairs (Szabo 
et al., 2012). 
Organelle remnants can also be found in the endocuticle, such as nuclear remnants 
which appear disk-shaped (Kassenbeck, 1981). Other organelle remnants in the cortex 
may be melanosomes, as some organelle remnants contain melanin granules which 
would not be expected within nuclear remnants. Melanosomes are transferred to 
immature cortical cells (Kinebuchi et al., 1971) and not all may be completely degraded. 
1.2.4.4. Melanin 
The only difference in morphology between different coloured hairs is the change in the 
type or the amount of melanin present. Pheomelanin is predominant in red and blond 
hair, whereas eumelanin is predominant in brown and black hair, and the ratios and 
quantities vary to produce a wide range of hair colours (Ito et al., 2000; Ito and 
Wakamutsu, 2003; Ehlers et al, 2007). Eumelanin and pheomelanin are both derived 
from the common precursor dopaquinone which is formed by tyrosinase from tyrosine. 
Pheomelanin is formed by the addition of cysteine to dopaquinone to form monomers 
which are further oxidised to produce heterogeneous polymers. Whereas in eumelanin, 
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production of the dopaquinone cyclises to cyclodopa and redox reactions with 
dopaquinone produce dopachrome which is converted to 5,6-dihydroxyindole and after 
oxidation results in the heterogeneous polymer eumelanin (Nezirevic et al., 2007). 
Melanin forms in granules 0.8-1.0µm x 0.3-0.4µm with the long axis parallel to the hair 
fibre (Ulrich et al., 2004; Choi et al., 2012). It is situated between the closely packed 
keratin filaments in the cortex, and is present in smaller amounts in the cuticle and the 
medulla (Hallegot et al., 2004).  
Melanin possesses a broad and continuously decreasing absorption spectrum between 
the near-UV and near-infrared region (Dimitrow et al., 2009). Eumelanin has a photo-
protective effect on the proteins in the hair (Hoting and Zimmerman, 1997), as 
eumelanin is known to absorb UV light, unlike pheomelanin (Thody et al., 1991; Brenner 
and Hearing, 2008). 
In addition, lipids have been found to be associated with melanin granules, such as 
ceramides, and the oxidative metabolites of α-linolenic acid are bound to melanin lipids 
non-covalently (Takahashi and Yoshida, 2014). 
1.2.5. The medulla 
Relative to the hair cuticle and cortex, few studies have been carried out on the human 
hair medulla, and even fewer on scalp hair medulla. The medulla consists of a column of 
loosely packed spherical cells present in the centre of some hair fibres, has large 
vacuoles, and is separated from the cortex by a material similar to a CMC (Clement et 
al., 1981). 
Previously, it was thought that human hair medulla was either continuous or fragmental 
(Clement et al., 1981), but more recently TEM was used to propose that there are only 
thick and thin medulla, if a medulla is present, and that they differ morphologically 
(Wagner et al., 2007). The thin medulla has smaller dimensions, a distinct interface with 
the cortex, and higher contrast than the thick medulla (Wagner et al., 2007). The thick 
medulla has larger cavities, more globular structures, and a gradual organisation of cells 
towards the border with the cortex (Wagner et al., 2007). The medulla may also be 
divided or duplicated, though this appeared to be more common in beard hair than scalp 
hair. Thick hairs are more likely to possess a medulla, and the thicker the hair, the wider 
and more continuous the medulla is likely to be (Das-Chaudhuri and Chopra, 1984; 
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Banerjee, 1962; Hardy, 1973; Baque et al., 2012). Also, the thicker the hair, the faster 
the rate of growth of the hair (Baque et al., 2012). 
Scanning electron microscopy (SEM) was used to observe that there are three subunits 
within the medulla: unorganised cortical cells, globular structures and a smooth 
covering layer (Wagner et al., 2007). Although another study states that the cortical cells 
in the medulla are vertically orientated (Langbein et al., 2010). Wagner et al. put forward 
that the medulla resembles an unshaped cortex (Wagner et al., 2007). 
The medullary cells are different to the cells in the cuticle and cortex because medullary 
cells only contain traces of cysteine, instead medullary cells are rich in glutamic acid and 
citrulline (Clement et al., 1981). The low amount of cysteine indicates that the medulla 
does not have many high-sulphur KAPs. Unlike in the cuticle, involucrin is expressed in 
the medulla. Involucrin was located in the CMC of the medulla, and more weakly in the 
CMC of the cortical cells closest to the medulla. In the epidermis, involucrin is a 
constituent scaffolding protein covalently bonded to the cornified envelope (Steinert 
and Marekov, 1997; Marekov and Steinert, 1998; Steinert and Marekov, 1999; Sevilla et 
al., 2007). Trichohyalin, KAPs and involucrin mechanically strengthen the medullary cells 
(Alibardi, 2012). Hardening of the cells of the medulla may also occur through 
keratinisation (Langbein et al., 2010). The medullas of Caucasian hair also have a higher 
lipid content and lower protein content than the rest of the hair, although this is not 
true for Afro-American hair (Kreplak et al., 2001a), and no data has been collected for 
Chinese hair.  
Wagner et al. also used TEM to observe that the medulla contains KIFs (Wagner et al., 
2007). The medulla is insoluble and hard to isolate. It expresses 12 hair keratins and 12 
epithelial keratins (type I keratins: K14, K16, K17, K19, K25, K27, K28, K31, K33a, K33b, 
K34, K36, K37, K38, K39, type II keratins: K5, K6, K7, K75, K80, K81, K83, K85, K86) 
(Langbein et al., 2010). This study led to the confirmation that cortical cells are present 
in the beard hair medulla (Langbein et al., 2010). The medulla was found to contain cells 
with an appearance of those in the cortex and expressing cortical keratins, and were 
named medullary cortex cells (Langbein et al., 2010). The only keratin expressed in the 
medulla which is not also expressed in the cortex of beard hairs was K37. A keratin 
specific to the cortex but also found in the medullary cortex cells was K38 (Langbein et 
al., 1999). However, K37 was only found in beard hair medullas, not in the medullas of 
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scalp hairs, though with the supply of dihydrotestosterone the androgen-insensitive 
scalp hair was able to express K37 (Yoshida et al., 2013). Cortical cells were observed 
intersected into the beard hair medulla, and it may be that the medullary cortex cells 
stem from these cells (Langbein et al., 2010). The cortical keratins K31, K34, K38, K81 
and K85 also expressed in the medulla are expressed at the same time in the cortex and 
medulla of the developing hair shaft (Yoshida et al., 2013). These studies suggest that 
the medullary cortex cells are true cortical cells (Langbein et al., 2010). 
The medulla does not play a large role in hair strength or chemistry so is of greater 
importance to forensics than the hair care industry (Menkart et al., 1966), as there are 
significant differences in the structure of the medulla between animal species (Farag et 
al., 2015). Whether the medulla is continuous or fragmental can also be used to 
distinguish between human ethnic origins (Nataraja and Roy, 2015). The medulla may 
be useful in future medical diagnostic tests as one study suggests it may reflect the 
calcium content of the blood from its supply in the hair follicle (Ito et al., 2016). 
1.3. The hair follicle cycle 
The hair follicle (fig. 1.4) produces the hair shaft, which has many functions as described 
in the introduction. The hair follicle is an important part of skin physiology and 
architecture. It hosts stem cells (Tiede et al., 2007), which can repair wounds (Gharzi et 
al., 2003; Lau et al., 2009), and it has an ability to induce angiogenesis (Mecklenburg et 
al., 2000) and nerve growth (Botchkarev et al., 2004). The hair follicle is immune 
privileged, and the collapse of this can lead to diseases such as cicatricial alopecia 
(Harries et al., 2013). The hair follicle cycle (fig. 1.5) demonstrates its regenerative 
capability and allows for the growth of new hairs, perhaps with different characteristics 
to the previous hairs. The ability to produce hairs of varying characteristics shows the 
hair follicle is adaptive and responsive. The hair follicle is able to respond to seasonal 
changes, age and hormones, (Randall and Botchkareva, 2009; Patel et al., 2015; 
Contreras-Jurado et al., 2015). 
The hair follicle is a complex dynamic structure which cycles through four stages: growth 
and hair shaft production (anagen), apoptosis-driven hair follicle regression (catagen), 
relative quiescence (telogen), and hair shedding (exogen) (Higgins et al., 2009). The 
permanent parts of the follicle containing stem cell populations are the isthmus, bulge 
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and infundibulum (fig. 1.4). The infundibulum extends from the epidermis to the 
opening of the sebaceous gland, and the isthmus extends from here to the bulge in the 
outer root sheath (fig. 1.4), which is also at the insertion point of the arrector pilli 
muscle. Below the bulge is the lower portion of the hair follicle and is the area which 
undergoes cycled remodelling (fig. 1.4). The hair bulb contains proliferating 
keratinocytes, differentiated melanocytes, the matrix and the follicular dermal papilla. 
The line of Auber extends across the widest part of the bulb and separates the upper 
region of cells which become differentiated to form the hair shaft and the inner root 
sheath, and the lower region of undifferentiated mitotically active cells (Auber, 1952). 
The mesenchymal follicluar papilla encases dermal papilla cells, mesenchymal-derived 
cells, nerve cells, a capillary and mucopolysaccaride stroma in a basement membrane 
(Nutbrown and Randall, 1995). The dermal sheath is derived from mesenchymal cells 
and along with the follicular papilla conducts the differentiation and growth of the 
underlying epithelial cells. The dermal sheath comprises an outer connective tissue 
sheath and an inner glassy membrane. The hair shaft extends through the epidermis, 
the dermis and towards the dermal white adipose tissue. Surrounding the hair shaft is 
the inner root sheath, which consists of a single layer of cuticle cells, the Huxley’s layer 
and the Henle’s layer (fig. 1.4). The cuticle cells of the inner root sheath interlock with 
those of the cuticle and move upwards together with hair growth and anchor the hair in 
the follicle (fig. 1.4) (Randall and Botchkareva, 2009). Between the inner root sheath and 
the dermal sheath is the outer root sheath (fig. 1.4). There is a companion layer between 
the inner root sheath and the outer root sheath, which is thought to provide the slippage 
plane between the two sheaths (Poblet et al., 2005). 
The hair follicle cycle depends upon the epithelial hair follicle stem cells, whose niche is 
the bulge, and its regulation includes the transcription factor Forkhead box C1 (FOXC1), 
which if ablated results in stem cell activation, shortened hair cycles, and weakened 
cellular junctions resulting in hair loss (Lay et al., 2016). FOXC1 also activates bone 
morphogenetic protein (BMP) and nuclear factor of activated T cell c1 signalling to 
promote quiescence (Wang et al., 2016). The bulge is in the outer root sheath and at the 
insertion point of the arrector pili muscle, and the hair follicle below the bulge is 
remodelled during cycling (fig. 1.4). Stem cells from the bulge migrate down to the bulb, 
where they differentiate into cells of the outer root sheath, inner root sheath and hair 
shaft. These progenitor cells can then migrate to the hair germ, differentiate into matrix 
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cells and contribute to the anagen stage of building the hair shaft (Panteleyev et al., 
2001; Tumbar et al., 2004). The different populations of cells within the hair follicle 
operate a complex web of signalling interactions, of which the dermal papilla may be 
the most heavily involved as it expresses the highest number of ligands and receptors 
(Rezza et al., 2016). The knowledge of human hair cycling is incomplete as most of the 
data is based on murine follicles which differ to human follicle cycling (Oh et al., 2016). 
There are six stages to the anagen phase of hair growth. There is continuous cross-talk 
between the secondary hair germ and the dermal papilla, so once the secondary hair 
germ cells activate wingless-type MMTV integration site family member (Wnt) signalling 
and the threshold is passed in combination with BMP inhibition, the keratinocytes in the 
lower region of the telogen follicle begin to proliferate vigorously and this marks the 
start of anagen (Panteleyev et al., 2001; Greco et al., 2009). Before the onset of anagen 
the dermal papilla expresses R-spondin1 which activates Wnt signalling in the bulge 
cells. This signalling has the potential to change the cycle phase as exogenous 
recombinant R-spondin1 introduced in telogen leads to anagen entry (Li et al., 2016). R-
spondin2 can also be used to prolong the anagen phase through Wnt signalling (Smith 
et al., 2016). At the commencement of anagen the interfollicular epidermal and 
adipocyte progenitor cells proliferate, and along with angiogenesis and nerve 
neogenesis this results in an increased mass of dermal and subcutaneous fat (Donati et 
al., 2014; Driskell et al., 2014). This may be caused by the keratinocytes of the outer root 
sheath producing vascular endothelial growth factor (Yano et al., 2001), and is 
supported by the suppression of angiogenesis resulting in less hair growth (Ahluwalia et 
al., 2000). These adipocyte precursor cells produce platelet derived growth factor which 
acts on the dermal papilla and is necessary for anagen onset (Festa et al., 2011). The 
anagen follicle contains the matrix which is made up of transit amplifying keratinocytes 
and surrounds the follicular papilla. The proliferating matrix cells engulf the changing 
follicular papilla (fig. 1.5 anagen II) and differentiate into the hair shaft and inner root 
sheath as the bulb grows downwards into the skin (fig. 1.5 anagen III). This produces the 
upward flow of differentiating epithelial cells. In mid-anagen the melanocytes line the 
follicular papilla, which has changed shape to become long and narrow, and begin 
melanogenesis (fig. 1.5 anagen IV). At this stage the follicle has attained its maximum 
length and the ascending hair shaft and inner root sheath are encased by the outer root 
sheath (fig. 1.5 anagen IV). Next, the tip of the hair breaks through the inner root sheath. 
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The proliferative potential of the cells of the matrix determines the length of anagen 
(Blanpain and Fuchs, 2006). Epidermal growth factor stimulates Survivin and Msx2 which 
are mediated by the Notch signalling pathway and are related to the proliferation of the 
dermal papilla (Zhang et al., 2016). The upregulation of the epidermal growth factor 
receptor can in turn supress mitotic regulators and induce catagen (Bichsel et al., 2016). 
The extracellular matrix also has a role in the hair follicle cycle (Larson et al., 2012). The 
extracellular matrix is regulated by matrix metalloproteinases (MMPs) and their 
inhibitors, and the expression of MMP-2 and MMP-9 are raised in anagen and lowered 
in catagen and telogen (Hou et al., 2016). By late-anagen the hair bulb has encased the 
follicular papilla and the hair is fully formed (fig. 1.5 anagen VI), stretching from the 
subcutis to the skin surface (Paus and Cotsarelis, 1999; Muller-Rover et al., 2001). The 
ascension of the new hair to the skin surface may cause exogen, where the original hair 
is shed from the hair follicle (fig. 1.5 anagen IV). Signalling occurs during anagen between 
the keratinocytes of the matrix and the fibroblasts of the dermal papilla. The matrix cells 
express the receptors and signalling components for β-catenin/Lef-1, c-kit, c-met, 
fibroblast growth factor receptor 2, insulin-like growth factor 1 receptor, and the dermal 
papilla cells express the corresponding ligands: Wnt5a, stem cell factor, hepatocyte 
growth factor, fibroblast growth factor 7, insulin-like growth factor-1 (Paus and 
Cotsarelis, 1999; Botchkarev and Kishimoto, 2003; Randall and Botchkareva, 2009). The 
circadian clock is involved in the transition from the anagen to catagen phase. Peripheral 
core clock genes Period1 and brain and muscle Arnt-like protein-1 (BMAL1) have been 
shown to increase expression and produce signals to terminate anagen, and silencing of 
these genes prolongs anagen. BMAL1 is connected to cell cycle control (Geyfman et al., 
2012), which may be how it modulates the hair cycle. The mechanism of Period1 and 
BMAL1 action is unknown, although c-Myc and p21, hair cycle and cell cycle regulatory 
genes, are reduced by Period1 knockdown and BMAL1 knockout mice have reduced p21 
expression. The authors hypothesised that Period1 and BMAL1 control the hair cycle 
clock by the regulation of cellular proliferation and apoptosis (Al-Nuaimi et al., 2014). 
During catagen the fully keratinised club hair regresses towards the skin surface driven 
by apoptosis (fig. 1.5 catagen). Catagen consists of eight stages (Muller-Rover et al., 
2001). At the start of catagen, proliferation and differentiation of the keratinocytes of 
the hair matrix diminishes, as does melanogenesis, and the progenitor cell niches reduce 
in size (Randall and Botchkareva, 2009). The bulb reduces in size, as does the follicular 
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papilla, and the matrix and lower outer root sheath keratinocytes undergo apoptosis 
(fig. 1.5 catagen III & VII). The follicular papilla becomes quiescent and regresses with 
the lower epithelial regions until it reaches the lower part of the permanent hair follicle 
to remain in contact with the secondary hair germ and the bulge (Randall and 
Botchkareva, 2009). The club hair is formed (fig. 1.5 catagen VII) by interdigitation and 
keratinisation of the pronged rootlets of the trichilemmal keratin layer of the hair club 
fibre, which attaches to the outer root sheath companion layer to anchor the club hair 
securely in the follicle. At this point the hair follicle can be up to 70% shorter in length 
(Randall and Botchkareva, 2009). Apoptosis is the primary driving force of catagen, and 
most cells within the follicle are susceptible to apoptosis. However, some cells within 
the follicle are more resistant, such as the fibroblasts of the dermal papilla and the 
majority of stem cell keratinocytes and melanocytes which are required for the survival 
of the hair follicle (Seiberg et al., 1995; Lindner et al., 1997; Botchkareva et al., 2006). 
The onset of catagen requires Grb2-associated binder1, which is a scaffold protein and 
acts via mitogen-activated protein kinase (MAPK) signalling, and also allows the 
establishment of bulge cells and maintains their quiescence at catagen onset (Ozturk et 
al., 2016). The keratinocytes of the hair matrix are affected by the pro-apoptotic p53 
expression, especially once the growth factor from the dermal papilla has been 
withdrawn (Botchkareva et al., 2001). The hair matrix and outer root sheath 
keratinocytes are further affected by the withdrawal of the apoptosis inhibitor Survivin 
expression with catagen (Botchkareva et al., 2007). In addition to the reduction of 
Survivin expression, the keratinocytes of the outer root sheath also secrete more 
catagen inducing molecules (Randall and Botchkareva, 2009). One such molecule is the 
fibroblast growth factor-5 where gene knockout studies produced mice with 50% longer 
hair than the wild-type (Hebert et al., 1994). The outer root sheath contains receptors 
for neurotrophin, which is involved in the apoptotic pathway, and overexpression of 
brain-derived neurotrophic factor and neurotrophin-3 in the follicle leads to early 
catagen onset (Botchkarev et al., 2004). Expression of transforming growth factor (TGF)-
β1 and TGF-β2 also play a role in catagen onset (Foitzik et al., 2000; Tsuji et al., 2003).  
At the transition of catagen to telogen the fully keratinised hair club fibre is bound by a 
complex of keratinocytes of the outer root sheath at the base of the bulge (fig. 1.5) 
(Higgins et al., 2009; Hsu et al., 2011). At this stage and into telogen the follicular papilla 
becomes condensed into a sphere close to the base of the secondary hair germ, which 
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is flattened (fig. 1.5) (Muller-Rover et al., 2001). The telogen hair follicle is the smallest 
in length, there are no melanocytes present and the club hair is not surrounded by an 
inner root sheath (fig. 1.5). The main function of telogen is to maintain the hair club. 
Telogen is energy efficient which is important in seasonal mammalian coats as little 
energy is expired (Geyfman et al., 2015), whereas the mosaic approach in human scalp 
hair is much less energy efficient as 80-90% of the follicles are in the anagen stage 
simultaneously (Paus and Cotsarelis, 1999). Telogen is also the phase of the follicle cycle 
in which the hair is the most sensitive and so provides a heightened sensitivity to 
environmental stimuli, from inflammation to plucking and results in the onset of anagen 
(Geyfman et al., 2015). Circadian clock regulation, innate immunity and cholesterol 
metabolic processes are the most highly upregulated functions in telogen phase of the 
hair follicle (Geyfman et al., 2011). The circadian clock genes are most highly expressed 
in the secondary hair germ (Lin et al., 2009). There is also high and low expression in the 
bulge with low expression of TGFβ and high expression of Wnt creating a heterogeneous 
population which will either contribute to the next anagen phase or wait for a future 
cycle (Janich et al., 2011). Although not proliferative, the progenitor cells of the telogen 
phase follicle are not inactive, as signalling of BMP4, BMP6 and fibroblast growth factor-
18 continues to keep the cells in an undifferentiated state (Woo and Oro, 2011), and 
quiescence is also ensured epigenetically through methylation of genes (Lien et al., 
2011). Inhibition of BMP increases methylation whereas the addition of BMP4 reduces 
histone methylases and increases demethylases (Lee et al., 2016). In late telogen the 
dermal papilla cells begin Wnt signalling and production of fibroblast growth factor-7/10 
ligands (Greco et al., 2009; Enshell-Seijffers et al., 2010), and the Sonic hedgehog 
pathway is activated to induce anagen (Sato et al., 1999). Also in late telogen, some 
bulge cells migrate to the secondary hair germ to aid its expansion before cell division 
(Zhang et al., 2009). Forkhead box i3 is a recently discovered secondary hair germ 
marker which when deleted results in poor hair follicle regeneration and the progressive 
depletion of the secondary hair germ stem cells (Shirokova et al., 2016). During telogen 
the secondary hair germ responds to signals from the dermal papilla. The epithelial 
progenitor cells located in the secondary hair germ begin proliferation at the end of the 
telogen phase and mark the start of anagen phase (Panteleyev et al., 2001; Rompolas et 
al., 2013).  
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The shedding phase, exogen, occurs independently of the other cycle phases (Stenn et 
al., 2005; Higgins et al., 2009). Exogen was previously thought to be caused by the 
upwards growth of a new hair fibre, whereas now the club fibre is believed to be 
attached with the hair follicle (Higgins et al., 2009). The pronged rootlets of the 
trichilemmal keratin layer of the hair club fibre attaches into the outer root sheath 
companion layer from catagen through to telogen (Higgins et al., 2009). Upregulation of 
proteases and a downregulation of protease inhibitors was found in late exogen, and 
may play a role in the degradation of the desmosomes connecting the trichilemmal 
keratin layer to the companion layer (Higgins et al., 2011; Bhogal et al., 2014). The 
release of the club hair has also been shown to be modulated by the type 3 isoform of 
the inositol 1,4,5-trisphosphate/nuclear factor of activated T cell-dependent signalling, 
possibly by the regulation of keratin 6 in the keratinocytes of the bulge cells which attach 
to the club hair fibre (Sato-Miyaoka et al., 2012). Unlike plucked hairs, exogen club hairs 
do not retain any of the outer root sheath (fig. 1.5) (Van Neste et al., 2007). 
1.4. Hair cell differentiation 
Hair cell differentiation occurs during anagen to produce a new hair fibre. The matrix is 
located at the proximal base of fully grown anagen hairs and contains most of the 
proliferating hair follicle keratinocytes (Oh et al., 2016). These cells of the precortical 
hair matrix terminally differentiate to form the cells of the hair shaft (Langbein and 
Schweizer, 2005). Several molecules have important roles in the differentiation of 
keratinocytes to form the hair shaft, including BMP, Wnt and Notch signalling (Lee and 
Tumbar, 2012). Wnt3 and Wnt10a/b expressed by the matrix and precortical 
keratinocytes act through signalling cascades to Lef1 (DasGupta and Fuchs, 1999; Reddy 
et al., 2001). The matrix, hair shaft precursors and inner root sheath lineages express 
many BMP ligands and receptors that stop proliferation of the transit amplifying cells 
and promote terminal differentiation. In the matrix Bmpr1a/b and Bmpr2 are expressed 
with Bmp2/4 and Bmp7/8 expressed in the hair shaft precursors and inner root sheath 
lineages respectively (Rendl et al., 2005). A balance of BMP is required in the bulge as 
ablation of BMP causes keratinocyte proliferation whereas BMP signalling promotes hair 
follicle differentiation (Kobielak et al., 2007). The local and temporal balance of BMP 
signalling during anagen determines the fate of the hair shaft, inner root sheath and 
transit amplifying cells (Genander et al., 2014). Bulge cells deficient in Notch have been 
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demonstrated to cause aberrant hair shafts due to defective terminal differentiation 
(Demehri and Kopan, 2009). In addition, inactive rhomboid proteins 1 and 2 play a role 
in hair shaft differentiation as mutations in these rhomboid intramembrane serine 
proteases lead to faulty activation of Notch1 which is associated with downregulation 
of Lef1 in the matrix, and leads to abnormal hair shaft differentiation (Yang et al., 2014). 
Hair shaft assembly has been found to be modulated by miR-22, a microRNA which 
represses transcription factors of keratinocyte differentiation and hair shaft formation, 
and promotes the transition from the anagen to catagen phases (Yuan et al., 2015). 
Laminin γ1, a basement membrane protein, also affects hair shaft differentiation 
through the regulation of BMP which acts upstream of transcription factors for KIFs and 
KAPs (Fleger-Weckmann et al., 2016). The differentiation of the medulla is affected by 
Soat1, which regulates intercellular cholesterol homeostasis (Lu et al., 2011), and is itself 
a regulatory target for the transcriptional regulator, homeobox C13 (Potter et al., 2015). 
The isthmus and infundibulum (fig. 1.4) contribute to wound healing through epidermal 
differentiation and to sebaceous gland formation, but not to hair growth during anagen 
(Jensen et al., 2009; Page et al., 2013). However, the deletion of the hair formation and 
regeneration transcriptional regulator distal-less homeobox 3 (DLX3) only in the isthmus 
and infundibulum, and not in the bulge or matrix, resulted in deformation of the cuticle. 
The study suggests hair shaft differentiation begins in the matrix and as the 
keratinocytes move upwards towards the epidermal surface, the keratinocytes of the 
isthmus and infundibulum express DLX3 regulated signals to the differentiating hair 
shaft and influence its formation (Kim et al., 2015). 
In the approximate lower third of the hair follicle lies the keratinisation zone, where KIFs 
and KAPs are assembled in a temporal and spatial order. First the KIFs are formed, 
followed by expression of the high tyrosine-glycine KAPs and then the cysteine-based 
KAPs (Langbein et al., 2001). During terminal differentiation in the keratinisation zone 
the type I and type II keratin polypeptides compete due to differing expression of 
keratins in different areas of the cuticle and cortex. This leads to the cuticle containing 
six keratins and the cortex containing up to thirteen keratins (Langbein et al., 2007). The 
high-sulphur KIFs and KAPs associated with the cuticle and cortex are likely to be 
oxidised by sulfhydryl oxidase during the differentiation of the cells (Alibardi, 2016). 
Evidence suggests that the desmosomes, gap- and tight-junctions formed between the 
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keratinocytes of the hair shaft become part of the CMC during keratinisation (Swift and 
Smith, 2002; Alibardi et al., 2013). In the late stages of keratinisation, water is lost from 
the hair shaft (Gillespie, 1991). 
It has been postulated that some of the keratinocytes in the precortical hair matrix may 
undergo endoreplication whilst terminally differentiating into the cortex and medulla, 
in the same manner which epidermal keratinocytes may carry out endoreplication 
during terminal differentiation (Zanet et al., 2010; Gandarillas and Freije, 2014; Edgar et 
al., 2014). 
Melanocytes migrate from their stem cell niche in the bulge, differentiate whilst in the 
outer root sheath, and once fully differentiated the melanocytes are located in the hair 
matrix where they transfer melanin to the precortex for incorporation into the hair shaft 
(Tobin et al., 1999; Botchkareva et al., 2001; Nishimura et al., 2002; Osawa et al., 2006).  
1.5. Hair phenotypes in disease 
Some diseases affect the structure and morphology of hair. Some hairs do not have 
obvious defects when observed using basic light microscopy, but this is where confocal 
microscopy or fluorescence lifetime imaging microscopy may be of diagnostic value and 
has not yet been exploited. Observations of the hair could be made utilising label-free 
autofluorescence to visualise details within the hair structure and fluorescence lifetime 
imaging to detect differences in the chemical environment of the hair compared to 
healthy hair. 
Focussing on hair which has defects in the hair fibre itself, there are many diseases which 
affect the structure of the hair shaft. Some diseases cause the hair to become rough, 
such as maple syrup urine disease which has a mutated branched-chain 2-oxo acid 
dehydrogenase complex, leading to the absence of 18-MEA on the cuticle cell CMC 
(Smith and Swift, 2005). Other diseases cause the hair to become coarse, sparse and 
wiry, such as hypotrichosis 4 otherwise known as Marie Unna hereditary hypotrichosis, 
which has that phenotype during childhood but leads to progressive hair loss at puberty, 
and is caused by mutations in the HR gene, the human homolog of the murine gene 
hairless. (Wen et al. 2009). Another disease which causes coarse, sparse, and wiry hair 
is ankyloblepharon-ectodermal defects-cleft lip/palate syndrome, which has mutations 
in the transcription factor, tumour protein 63 (TP63) (McGrath et al., 2001). A disease 
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also with mutations in TP63 and causing sparse, thin hair is acro–dermato–ungual–
lacrimal–tooth (ADULT) syndrome (Amiel et al., 2001). 
There are several diseases which cause fine and tightly curled hair. Some of these 
diseases have mutations in keratin genes, such as autosomal dominant woolly hair 
which has mutations in the K71 and K74 genes, encoding keratins expressed in the inner 
root sheath (Shimomura et al., 2010; Fujimoto et al., 2012). Hypotrichosis 3 also has 
mutations in the K74 gene causing woolly hair and alopecia (Wasif et al., 2011). Many 
diseases with a similar phenotype have mutations in desmoplakin, including the disease 
cardiomyopathy, dilated, with woolly hair and keratoderma (Norgett et al., 2000), skin 
fragility-woolly hair syndrome (Whittock et al., 2002), and Carvajal syndrome (Nehme et 
al., 2012). Plakoglobin mutations lead to Naxos disease resulting in curly, woolly hair 
(McKoy et al., 2000), and plakophilin mutations result in short, sparse hair with 
ectodermal dysplasia skin fragility syndrome (McGrath et al., 1997). Hypotrichosis 7 and 
8 have mutations in the lipase member H (LIPH) and lysophosphatidic acid receptor 6 
(LPAR6) genes respectively, but both present with sparse, fine and tightly curled hair 
(Kazantseva et al., 2006; Pasternack et al., 2008; Shimomura et al., 2008). Hypotrichosis 
7 has also been shown to harbour a missense mutation in keratin 25, which is expressed 
in the medulla and the inner root sheath, and HaCaT studies showed a deleterious effect 
upon KIF formation (Zernov et al., 2016). Trichodentoosseous syndrome is caused by an 
autosomal dominant mutation in the DLX3 gene, encoding for a homeodomain 
transcription factor expressed in the hair matrix and most layers of the hair follicle and 
leads to kinky hair (Hwang et al., 2008). The length and width of hair can change due to 
disease and cause hypertrichosis. One such disease is histiocytosis-lymphadenopathy 
plus syndrome, which has autosomal recessive mutations in the SLC29A3 gene encoding 
human equilibrative nucleoside transporter 3 (hENT3) (Molho et al., 2008). 
Many diseases cause hair to become brittle, such as ectodermal dysplasia 4, hair/nail 
type, where there is a mutation in the hair matrix and cuticle keratin gene KRTHB5, a 
subfamily of K85, causing extreme brittleness and hair loss (Naeem et al., 2006). 
Photosensitive and nonphotosensitive trichothiodystrophy cause brittle hair but are 
caused by different mutations. Photosensitive trichothiodystrophy has autosomal 
recessive mutations in ERCC2, ERCC3, and GTF2H5, which encode subunits of the basal 
transcription factor 2 human (TFIIH), resulting in sulphur deficiency (Takayama et al., 
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1996; Weeda et al., 1997; Giglia et al., 2004), whereas nonphotosensitive 
trichothiodystrophy has mutations in the MPLKIP gene, encoding M-phase specific polo-
like kinase 1 (PLK1) interacting protein which is involved in the control of cell cycle 
integrity (Nakabayashi et al., 2005). Ichthyosis with hypotrichosis, autosomal recessive 
causes hair to become brittle, curly and sparse and results from mutations in the ST14 
gene encoding matriptase, a type II transmembrane serine protease (Basel et al., 2007). 
Brittleness can cause hair to become short as breakages easily occur. Athyroidal 
hypothyroidism with spiky hair and cleft palate, as noted in the name causes hair to 
appear spiky from mutations in the forkhead box E1 (FOXE1) gene (Clifton et al., 1998). 
Neonatal inflammatory skin and bowel disease also causes brittle, short hair from 
mutations in the a disintegrin and metalloproteinase 17 (ADAM17) gene encoding a 
disintegrase/metalloprotease (Blaydon et al., 2011). 
Another phenotype of hair in disease is that of twisted and flattened hair, known as pili 
torti. Menkes is one such disease which is caused by mutations in the ATP7A gene, 
encoding an ATP-dependent copper transporter (Chelly et al., 1993; Mercer et al., 1993; 
Vulpe et al., 1993). Pili torti with fine, sparse hair can be a sign of mitochondrial disease 
where the hair is affected by a defective cellular energy supply (Silengo et al., 2003). 
Rapp-Hodgkin syndrome hair has a similar phenotype but is caused by mutations in the 
transcription factor TP63 (Kantaputra et al., 2003). Other diseases which cause pili torti 
of the hair include pachyonychia congenita type 2 and Bjornstad syndrome. The former 
is caused by deletion and missense mutations in the KRT17A gene (Smith et al., 2001) 
which is expressed in the outer root sheath of the hair follicle and the medulla (Langbein 
et al., 2010), and the latter is caused by missense mutations in the BCS1L gene which is 
expressed in mitochondria (Hinson et al., 2007). Pili torti can also be observed in 
anorexia nervosa where genetic factors and malnutrition in combination with excess 
carotene, retinyl esters, retinol, and retinoic acid lead to the hair shaft defect (Lurie et 
al., 1996; Strumia et al., 2005). 
A hair phenotype with a beaded structure is apparent in some hair diseases. One such 
disease is monilethrix which has autosomal dominant mutations in K81, K83 and K86, 
keratins which are expressed in the hair cortex and medulla, and this disease also causes 
hair brittleness (Winter et al., 1997; Winter et al., 1998; Van Steensel et al, 2005; 
Langbein et al., 2010). The autosomal recessive form of monilethrix is characterised by 
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mutations in desmoglein 4 (DSG4), which cause fewer desmosomes in the hair along 
with atypical keratinisation, and result in endoplasmic reticulum stress (Kato et al., 
2015). Netherton syndrome also results in beaded or bamboo hair and is caused by 
mutations in the serine protease inhibitor Kazal-type 5 (SPINK5) locus, encoding the 
serine protease inhibitor, lympho-epithelial Kazal-type-related inhibitor (LEKTI) 
(Chavanas et al., 2000). LEKTI deficiency allows unrestricted kallikrein-related peptidase 
activity and increased proteolysis in the epidermis, and a recent study shows kallikrein-
related peptidase 5 inhibition to be a potential target for Netherton syndrome therapy 
(Furio et al., 2015). Beaded hair is also caused by autosomal recessive mutations in DSG4 
and LIPH resulting in hypotrichosis 6 (Zlotogorski et al., 2006; Kazantseva et al., 2006). 
Another defect to the hair shaft morphology includes that of uncombable hair 
syndrome, which is a disease resulting from longitudinal grooves in the hair shaft, and 
gives triangular or kidney bean shaped cross-sections (Calderon et al., 2009). 
There are diseases that affect the melanin morphology and distribution in hair, such as 
Chediak-Higashi syndrome and Griscelli syndrome, which result in silver hair with an 
uneven distribution of large melanin granules. The former syndrome is caused by an 
autosomal recessive immunodeficiency syndrome (Imran et al., 2012), and the latter is 
caused by an immunodeficiency syndrome with a Rab27a mutation (Sheela et al., 2004). 
Alternating light and dark patterns can be observed in the hair of those with pili annulati, 
where there is a mutation on chromosome 12q24.32-24.33, and increased lysine and 
decreased cysteine content in the hair (Giehl et al., 2004; Giehl et al., 2009). Nutrition 
also plays a role in melanin production, as demonstrated by the good and poor 
interspersed nutrition present in kwashiorkor which gives light and dark bands on sparse 
and brittle hair (Ramirez et al., 2011). 
Disruption of the cuticle occurs in some disorders. Argininosuccinicaciduria is caused by 
a metabolic inability to excrete nitrogenous waste as urea and results in cuticle cell 
disruption as well as cortical cells splaying out (Fichtel et al., 2007). Other diseases result 
in a twisted, grooved, and ruffled cuticle with a distorted hair bulb which is easily 
plucked, such as loose anagen hair syndrome and Noonan-like syndrome with loose 
anagen hair. Loose anagen hair syndrome is caused by mutations in the K6HF gene which 
is required for the development of the inner root sheath (Chapalain et al., 2002), and 
Noonan-like syndrome with loose anagen hair is caused by RASopathy with ectodermal 
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abnormalities caused by mutations in the SHOC2 gene (Baldassarre et al., 2014). 
Nutritional deficiency can also cause cuticle cell disruption such as in coeliac disease 
where gluten-free diets are correlated to lower zinc levels in the hair and result in 
cuticular erosion and decreased hair diameter (Varkonyi et al., 1998). People who have 
deficiencies in iron, l-lysine, l-cysteine, selenium, and zinc also have hair disorders, but 
it only involves alopecia rather than a shaft defect. In some disorders various amounts 
of these elements and amino acids have been found in the hair shaft, but they do not 
appear to affect the hair structure. 
An increased amount of sterols in the hair, particularly 7β-hydroxycholesterol, as a result 
of abnormal cholesterol metabolism has been implicated in cognitive impairment and 
may be a biomarker for Alzheimer’s disease (Son et al., 2016). 
Finally, pseudofolliculitis barbae appears to be a defect of the hair follicle, as a 
polymorphism in the KRT75 gene, which is expressed in the companion layer of the outer 
root sheath, causes ingrown hairs leading to inflamed pustular formations in shaved 
areas (Winter et al., 2004). 
These diseases which manifest in hair are summarised in table 1.3 by whether they are 
hair shaft or follicle defects or caused by nutritional deficiency. There remains potential 
for further insight and fast diagnosis of these diseases and more through the use of 
confocal microscopy and fluorescence lifetime imaging microscopy. 
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Diseases which affect hair structure 
 Name Molecular defect if 
known 
Hair phenotype Reference 
Hair 
shaft 
defects 
Hypotrichosis 4 
Or 
Marie Unna 
hereditary 
hypotrichosis 
Mutation in HR gene, 
human homolog of 
murine gene, hairless. 
Sparse, coarse 
and wiry during 
childhood. 
Progressive hair 
loss at puberty. 
Wen et al. 
(2009) 
Athyroidal 
hypothyroidism, 
with spiky hair 
and cleft palate 
Mutations in FOXE1 
gene. 
Spiky hair. Clifton-
Bligh et 
al., (1998) 
Netherton 
syndrome 
Mutations in the 
SPINK5 locus, 
encoding the serine 
protease inhibitor 
LEKTI. 
Chorrexis 
invaginata or 
“bamboo hair”. 
Chavanas 
et al., 
(2000) 
Monilethrix Autosomal dominant 
mutations in three 
loci, KRT86, KRT81, 
and KRT83, in an 
epithelial keratin 
cluster. Autosomal 
recessive mutation in 
DSG4. 
Beaded structure 
of hair shaft, 
brittle. 
Winter et 
al., (1997) 
Winter et 
al., (1998) 
Van 
Steensel 
et al., 
(2005) 
Kato et al., 
(2015) 
Hypotrichosis 6 Autosomal recessive 
mutations in DSG4 
and LIPH. 
Beaded structure 
of hair shaft, 
alopecia. 
Zlotogorsk
i et al., 
(2006) 
Kazantsev
a et al., 
(2006) 
Ectodermal 
dysplasia 4, 
Hair/nail type 
 Extreme 
brittleness of the 
hair, leading to 
hair loss. 
Naeem et 
al., (2006) 
Cardiomyopathy
, dilated, with 
woolly hair and 
keratoderma 
Autosomal recessive 
mutations in the DSP 
locus, encoding 
desmoplakin. 
Fine and tightly 
curled. 
Norgett et 
al., (2000). 
Skin fragility-
woolly hair 
syndrome 
Autosomal recessive 
mutations in the DSP 
locus, encoding 
desmoplakin. 
Fine and tightly 
curled. 
Whittock 
et al., 
(2002) 
Naxos disease Mutations in the JUP 
gene, encoding 
plakoglobin. 
Curly, woolly. McKoy et 
al., (2000) 
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Carvajal 
syndrome 
Autosomal recessive 
mutation in the DSP 
(desmoplakin) gene. 
Woolly hair. Nehme et 
al., (2012) 
Hypotrichosis 7 Mutations in the LIPH 
gene. 
Sparse, fine and 
tightly curled. 
Kazantsev
a et al., 
(2006) 
Trichodentooss-
eous syndrome 
Autosomal dominant 
mutations in the DLX3 
gene, encoding for a 
homeodomain 
transcription factor 
expressed in the hair 
matrix and most 
layers of the hair 
follicle. 
Kinky hair. Hwang et 
al., (2008) 
Menkes disease Mutations in the 
ATP7A gene, encoding 
a ATP-dependent 
copper transporter. 
Kinky hair. Chelly et 
al., (1993) 
Mercer et 
al., (1993) 
Vulpe et 
al., (1993) 
Photosensitive 
trichothiodystro-
phy 
Autosomal recessive 
mutations in ERCC2, 
ERCC3, and GTF2H5, 
encoding subunits of 
the basal transcription 
factor 2 (TFIIH). 
Results in sulphur 
deficiency. 
Brittleness. Takayama 
et al., 
(1996) 
Weeda et 
al., (1997) 
Giglia-
Mari et 
al., (2004) 
Nonphotosensit-
ive 
trichothiodystro-
phy 
Mutations in the 
MPLKIP gene, 
encoding M-phase 
specific PLK1 
interacting protein 
involved in the 
control of cell cycle 
integrity. 
Brittleness. Nakabayas
hi et al., 
(2005) 
Hypotrichosis 8 Mutations in the 
LPAR6 gene. 
Sparse, fine and 
tightly curled. 
Pasternac
k et al., 
(2008) 
Shimomur
a et al., 
(2008) 
Inflammatory 
skin and bowel 
disease, 
neonatal 
Mutations in the 
ADAM17 gene 
encoding a 
desintegrase/metallo
protease. 
Broken and short. Blaydon et 
al., (2011) 
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Ichthyosis with 
hypotrichosis, 
autosomal 
recessive 
Mutations in the ST14 
gene encoding 
matriptase, a type II 
transmembrane 
serine protease. 
Sparse, curly, 
brittle. 
Basel-
Vanagaite 
et al., 
(2007) 
Maple syrup 
urine disease 
Mutated BCKD 
dehydrogenase 
complex, leading to 
the absence of 18-
MEA on the cuticle 
cell membrane 
complex. 
Rough texture. Smith and 
Swift, 
(2005) 
Mitochondrial 
diseases 
Defective cellular 
energy supply. 
Pili torti, sparse, 
fine. 
Silengo et 
al., (2003) 
Pachyonychia 
congenita type 2 
Deletion and 
missense mutations in 
the KRT17A gene. 
Pili torti. Smith et 
al., (2001) 
Bjornstad 
syndrome 
Missense mutations in 
the BCS1L gene. 
Pili torti. Hinson et 
al., (2007) 
Uncombable 
hair syndrome 
Autosomal dominant 
inheritance with 
complete or 
incomplete 
penetrance. 
Longitudinal 
grooves in the 
hair shaft, 
triangular or 
kidney bean 
cross-section. 
Calderon 
et al., 
(2009) 
Pili annulati Mutation on 
chromosome 
12q24.32-24.33, and 
increased lysine and 
decreased cysteine 
content in hair. 
Alternating light 
and dark patterns 
on hair. 
Giehl et 
al., (2009) 
Giehl et 
al., (2004) 
Argininosuccini-
caciduria 
Metabolic inability to 
excrete nitrogenous 
waste as urea. 
Trichorrhexis 
nodosa – cuticle 
disruption, 
cortical cells splay 
out. 
Fichtel et 
al., (2007) 
Chediak-Higashi 
syndrome 
Autosomal recessive 
immunodeficiency 
syndrome. 
Silver hair, 
uneven 
distribution of 
large melanin 
granules. 
Imran et 
al., (2012) 
Griscelli 
syndrome 
Immunodeficiency 
syndrome with a Rab 
27a mutation. 
Silver hair, 
uneven 
distribution of 
very large 
melanin granules. 
Sheela et 
al., (2004) 
Hair 
follicle 
defects 
Pseudofolliculitis 
barbae 
Polymorphism in the 
KRT75 gene. 
Ingrown hairs 
leading to 
inflamed pustular 
Winter et 
al., (2004) 
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formations in 
shaved areas. 
Autosomal 
dominant woolly 
hair 
Mutations in the 
KRT71 and KRT74 
genes, encoding 
keratins expressed in 
the inner root sheath. 
Fine and tightly 
curled 
Fujimoto 
et al., 
(2012) 
Shimomur
a et al., 
(2010) 
Hypotrichosis 3 Mutations in the 
KRT74 gene. 
Woolly hair and 
alopecia. 
Wasif et 
al., (2011) 
Ankyloblephar-
on-ectodermal 
defects-cleft 
lip/palate 
syndrome 
Mutations in the 
transcription factor 
TP63. 
Sparse, coarse, 
wiry. 
McGrath 
et al., 
(2001) 
Rapp-Hodgkin 
syndrome 
Mutations in the 
transcription factor 
TP63. 
Sparse, dry, 
coarse, wiry, pili 
torti. 
Kantaputr
a et al., 
(2003) 
ADULT 
syndrome 
Mutations in the 
transcription factor 
TP63. 
Sparse, thin. Amiel et 
al., (2001) 
Ectodermal 
dysplasia skin 
fragility 
syndrome 
Mutations in the PKP1 
locus encoding 
plakophilin. 
Sparse, short. McGarth 
et al., 
(1997) 
Histiocytosis-
lymphadenopat
hy plus 
syndrome 
Autosomal recessive 
mutations in the 
SLC29A3 gene 
encoding the 
nucleoside 
transporter hENT3. 
Hypertrichosis. Molho-
Pessach et 
al., (2008) 
Loose anagen 
hair syndrome 
Mutations in the K6HF 
gene, required for the 
development of the 
inner root sheath. 
Twisted, grooved, 
ruffled cuticle. 
Distorted bulb. 
Easily pluckable. 
Chapalain 
et al., 
(2002) 
Noonan-like 
syndrome with 
loose anagen 
hair 
RASopathy with 
ectodermal 
abnormalities, caused 
by mutations in the 
SHOC2 gene. 
Twisted, grooved, 
ruffled cuticle. 
Distorted bulb. 
Easily pluckable. 
Baldassarr
e et al., 
(2014) 
Nutriti-
on or 
trace 
eleme-
nt 
deficie-
ncy 
Coeliac disease Gluten diets are 
correlated to lower 
zinc levels in the hair. 
Cuticular erosion 
and decreased 
hair diameter. 
Varkonyi 
et al., 
(1998) 
Anorexia 
nervosa 
Genetic factors, and 
malnutrition in 
combination with 
excess carotene, 
retinyl esters, retinol, 
and retinoic acid. 
Pili torti. Lurie et 
al., (1996) 
Strumia et 
al., (2005) 
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Kwashiorkor Good and poor 
nutrition interspersed 
gives dark and light 
bands on hair. 
Dark and light 
bands, sparse, 
brittle. 
Ramirez 
Prada et 
al., (2011) 
Table 1.3. Diseases which affect the structure of human hair. 
1.6. Confocal microscopy and hair imaging 
Here the workings and applications of laser scanning confocal microscopy and 
autofluorescence in hair are reviewed. Confocal microscopy gives high resolution and 
depth of focus to imaging by the use of a pinhole to remove out-of-focus light (Wilson, 
2011). This means that clear optical sections can be obtained from samples. However, 
limitations include the opacity of the sample caused by light-absorbing structures, 
sample surface reflection, and changes in refractive index within samples. Laser beams 
are used and allow various wavelengths to be chosen to excite the sample which may 
itself be stained with a fluorescent dye, harbour and an endogenous fluorophore, or the 
sample alone may be autofluorescent. 
The majority of work carried out on the hair using confocal microscopy has involved the 
use of fluorescent dyes. Fluorescent dyes may allow specific staining of structures in 
samples, though they may also alter the nature of the sample itself, or in the case of hair 
they may be unable to penetrate the sample to the necessary depth. The use of confocal 
microscopy to image the hair is a relatively unexplored technique. Most work began in 
the early 1990s. 
In 1993 Corcuff et al. had early success with using fluorescent stains in the hair. They 
stained hair in rhodamine B or octadecyl-rhodamine and dried it in an oven at 105°C 
overnight. They then dry mounted the hair or used glue to attach the hair to the 
coverslip. Surprisingly they obtained good images of the cuticle. They found the outer 
cuticle cells of permanently waved hair were lifted by 300nm more than that of 
untreated hair cuticle cells which were raised by 300nm. This however suggests their 
sample preparation has also affected the hair as a raised cuticle cell is an indicator of 
hair damage possibly caused by the 105°C overnight treatment. They found that 
rhodamine B did not penetrate into the cortex, but the octadecyl-rhodamine staining 
gave good images of the cortex (Corcuff et al. 1993). Other groups also found that 
rhodamine B gave good images of the cuticle but did not penetrate through to the cortex 
(Lagarde et al., 1994; Hadjur et al., 2002). Despite rhodamine B not entering the cortex, 
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the lack of mounting medium matching the refractive index of the hair would have also 
contributed to the lack of autofluorescence signal from the cortex. Hadjur et al. also 
found that they could gain high resolution images of the cuticle using reflection confocal 
microscopy (Hadjur et al., 2002). 
Hair has often been embedded in resin and sectioned using a microtome which may 
affect the native structure of the hair and result in little autofluorescence signal. Kelch 
et al., used this technique after staining the hair with octadecanoylaminofluorescein and 
found that it stains the cortical CMC and organelle remnants within the hair (Kelch et 
al., 2000). Swift et al. applied hydrolysed wheat proteins labelled with fluorescein 
isothiocyanate to the hair and embedded it in resin before sectioning it and imaged 
using confocal microscopy. They showed that wheat proteins penetrate through to the 
endocuticle, cortex, organelle remnants, matrix, and the CMC. However, they only 
gained 15µm penetration into bleached, permanently waved, or relaxer treated hair 
with less penetration into untreated hairs, which resulted in poor resolution of the 
untreated hairs (Swift et al., 2000). Additionally, with hair care as the focus, Ribeiro et 
al. used γD-crystallin fluorophore labelled hair to strengthen hair chemically damaged 
by bleaching. The confocal images of the hairs were 3D reconstructed but apart from 
showing more γD-crystallin in the chemically damaged hair cortex than in untreated 
hair, confocal microscopy was not used to its fullest potential (Ribeiro et al., 2013). Cruz 
et al., also used 3D reconstruction of the confocal images to compare hairs. They used 
Nile red to compare lipids of the hair across different ethnicities, and then embedded 
the hair in resin and sectioned it. The 3D reconstruction caused loss of resolution of 
individual structures, and through confocal microscopy alone was not able to tell which 
hair contained more lipids (Cruz et al., 2013). 
There are two main pathways for diffusion of a fluorescent dye or other molecule into 
the hair. Small hydrophilic molecules tend to use the transcellular route, which goes 
across the high and low density cross-linked areas of the cuticle cell, however this route 
is difficult and only tends to be taken if the densely cross-linked exocuticle and A-layer 
are damaged (Robbins, 2012). Large hydrophobic or non-polar molecules on the other 
hand, such as fluorescent dyes, mainly use intercellular diffusion across the low-cystine 
areas including the endocuticle and CMC (Kelch et al., 2000; Formanek et al., 2006). 
Since low-sulphur areas of the cuticle cell such as the endocuticle absorb water, 
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molecules can enter the hair through this route. Even under non-aqueous conditions, 
molecules can use the intercellular route because of the high mobility of the protein and 
lipid molecules of the CMC (Wortmann et al., 1997). Once through the cuticle and given 
sufficient time, molecules can diffuse along the intercellular pathway to the cortical cells 
and medulla (Kamath et al., 1995). Usually a mixture of the transcellular and intercellular 
pathways is used (Robbins, 2012). 
The approaches based on using fluorescent dyes to label structures in the hair have 
limitations. The penetration of fluorescent dyes into the untreated hair is restricted, and 
may cause artefacts. Therefore, it is important to develop label-free methods of imaging 
hair based upon autofluorescence. 
1.6.1. Autofluorescence 
Autofluorescence is the emission of light from molecules such as those in a fluorophore 
within a sample when excited by a higher energy and shorter wavelength of light. The 
hair is an autofluorescent fibre and so can be exploited through confocal microscopy. 
Some of the molecules or functional groups in the hair which may autofluoresce, and 
are possible either as free amino acids or incorporated into proteins, are tryptophan, 
tyrosine, phenylalanine, cystine, lipo-pigments and pheomelanin (Hameka et al., 1998; 
Elleder and Borovansky, 2001; Lakowicz, 2006; Jachowicz and McMullen, 2011). 
To date, little advantage has been taken of hair autofluorescence, and the ability to 
image hair label-free in its native state. Liang et al. analysed hair from patients with 
trichothiodystrophy. Autofluorescence from using 488nm and 543nm excitation shows 
fractures in the hair, but little other detail. They also 3D rendered the hair and showed 
the cortex though the identity of structures is unclear, so they could only show the 
patient’s cortex had a rougher surface than that of the control hairs. However, the hair 
was embedded and cryosectioned (Liang et al., 2006). They may have obtained greater 
cuticle and cortex resolution had the hair been left whole, as there can be a loss of 
resolution with 3D rendering from separate sections of hair. Kirkbride and Tridico also 
used autofluorescence with confocal microscopy, but with only 405nm excitation. 
Despite using the optimum wavelength for exciting hair autofluorescence, they obtained 
low resolution images of the cuticle and cortex. Unlike the previous study, Kirkbride and 
Tridico used mountant, however they stated that they did not spend time optimising the 
images through changing the size of the pinhole, or the mounting media, or through 
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signal averaging, or by using a higher pixel resolution than 512*512, or by using small z-
steps. Their imaging parameters were chosen simply for speed (Kirkbride and Tridico, 
2010). This highlights the necessity for optimisation to obtain high quality images. 
To obtain images of a high resolution it is necessary to match the refractive index of the 
hair which is 1.55 (Greenwell et al., 1941) with a specific oil and leave the hair whole to 
take advantage of the great depth of focus of the confocal microscope. Advancements 
in confocal microscopy resolution and technique have allowed for developing 
methodology that results in images of a higher quality as shown in this study. 
1.7. Aims of the study 
There is a need for a better method to image hair as the current methods involve 
embedding the hair in resin, which may produce artefacts, or using dyes which are 
limited in their depth of penetration into the hair (Corcuff et al., 1993; Lagarde et al., 
1994; Kelch et al., 2000; Swift et al., 2000; Hadjur et al., 2002; Liang et al., 2006; Cruz et 
al., 2013). Further to this, the mechanisms of action of some existing chemical 
depilatories on the hair requires analysis, as do the mechanisms of some experimental 
chemical depilatories. There is a need to develop new chemical depilatories because the 
existing depilatories have been shown to cause irritation in the skin (Hahn, 1999; Haque 
and Al-Ghazal, 2004; Kindred et al., 2011; Moghimi et al., 2013), and an increase in 
depilatory efficacy is needed by the hair care industry. Therefore, the overall aim of this 
study was to develop label-free imaging methods for hair, investigate the use of 
autofluorescence, and to develop optical transverse imaging and dynamic imaging 
methods. 
The further aims of this study were to: 
• Use these methods to further knowledge on hair structure and morphology. 
• Investigate fluorescence lifetime imaging on the hair to show it reveals 
structures and chemical environments that cannot be resolved by fluorescence 
intensity. 
• Use the developed imaging techniques to investigate an uncharacterised hair 
and skin disorder. 
• Test commercial and experimental depilatory chemicals on hair for elucidation 
of their structural and morphological effects. 
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• Test the most efficacious depilatory chemicals on keratinocytes to investigate 
their effect upon keratinocyte differentiation, proliferation, apoptosis and acute 
stress response. 
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Fig. 1.1. Hair structure schematic. Schematic showing the main
compartments of the hair – the cuticle, cortex and medulla. The cortical
cells form the cortex.
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Fig. 1.2. The assembly of keratin intermediate filaments in the hair. The
monomer polypeptides comprise helical and nonhelical domains. One
type I monomer dimerises with one type II monomer to form coiled coil
dimers. These then coil around other dimers, head to tail, to form
tetramers. Tetramers assemble end-to-end to form protofilaments,
which then coil rope-like to form intermediate filaments. The
intermediate filaments are embedded within the matrix in the
macrofibrils, and bundles of macrofibrils are contained within the CMC
bound cortical cell.
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Fig. 1.3. Schematic of a transverse section through a cuticle cell.
Schematic showing the sublamellar structure of a cuticle cell at the hair
surface. The inner β-layer, δ-layer, and outer β-layer form the cell
membrane complex.
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Fig. 1.4. The hair follicle. Schematic of the mature hair follicle in anagen
phase.
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Fig. 1.5. The hair follicle cycle. Schematic of the hair follicle cycle
through anagen (growth phase), catagen (regression phase), and telogen
(resting phase). The shedding phase, exogen, occurs independently of
the other phases (Stenn et al., 2005; Higgins et al., 2009). During
catagen, only some melanocytes but most keratinocytes of the matrix
and lower outer root sheath undergo apoptosis. Not all substages of
each phase are shown. The selected substages show the main physical
changes in the follicle.
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2.1. Hair samples and hair treatment methods 
2.1.1. Hair 
Hair sourced from Kurling International came in the form of swatches, approximately 
15cm in length, gathered from a blend of individuals, who had not treated their hair with 
chemicals other than to wash with shampoo and conditioner. Unless specifically 
mentioned, all hair samples refer to cut rather than plucked hair.  
The Chinese scalp hair was sourced from Kurling International 826515 and 821000-C-20. 
The European scalp hair (3/0, 5/0, 7/0, 9/0) and Indian scalp hair was also sourced from 
Kurling International. The plucked scalp and beard hair with and without the cuticle was 
sourced from Procter and Gamble (P&G) panellists and staff. Skin and hair samples from 
P&G are covered by the Human Tissue Act Licence (Durham University Project ID BL123). 
Some hair was also sourced in-house. The hair of the patient with the uncharacterised 
skin and hair disorder and his unaffected parents’ hair was provided by Dr. Thivi 
Maruthappu, of Queen Mary University of London. 
2.2. Hair methodology 
2.2.1. Development of hair imaging methods 
2.2.1.1. Longitudinal imaging of hair 
To image hair longitudinally, a <1cm length was cut from the hair and placed on a glass 
slide. A drop of Immersol 518F oil (Zeiss) ne=1.518 was mounted onto the hair and a 
glass coverslip placed on top. Nail varnish was then used to seal the coverslip to the 
slide. After drying, the hair sample could be imaged. 
2.2.1.2. Development of a method for transverse imaging of hair 
The novel transverse optical sectioning of hair offers another perspective of the hair. 
Once thought up, this method underwent development to achieve the results shown in 
this thesis. Initially, the widest open end of a 0.1-10µl pipette tip was glued to a 
50mmx22mm glass coverslip, and hair cut by scissors was put into the pipette tip (fig. 
2.1.A). Immersol 518F oil was then injected into the open end of the pipette tip until the 
tip was full, ensuring a mounting medium was provided for the hair in contact with the 
coverslip. This initial method was unsuccessful because the hair was liable to move 
68 
 
inside the pipette tip, barring fluorescence lifetime imaging microscopy (FLIM) as a still 
sample is required. Also there was poor contact between the cut end of the hair and the 
coverslip. This was improved by using a diamond-edged blade to cut the hair more 
cleanly. The final version involved inverting the pipette tip so that the hairs would be 
guided to stand perpendicular to the coverslip, stay stiller, and more easily be inserted 
into the wider end of the tip (fig. 2.1.B). A polystyrene block was used to support the 
inverted pipette tip, secured onto the coverslip with double-sided tape, as glue 
degraded the polystyrene. A hole was made in the polystyrene around where the hair 
made contact with the coverslip to allow mounting media to be placed there and to also 
let light reach the sample, making it easier to find under the microscope eyepiece. 
 
 
 
 
 
 
 
 
Fig. 2.1. Development of a method for the transverse imaging of hair. A) Schematic 
of initial design. B) Photograph of final design. C) Schematic of final design. 
A 
B C 
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2.2.1.3. Development of dynamic imaging of hair 
In order to image hair during its treatment, a dynamic imaging method needed to be 
developed. Initially ~2cm length of hair was cut and both ends were secured to a glass 
bottomed plate with micropore tape leaving the middle of the hair uncovered. Once the 
treatment was placed on the hair, the hair moved, so was unsuitable for imaging as 
reference points and regions of interest would be lost. The method was improved by 
placing a glass coverslip over the hair to keep it in place. The coverslip was secured using 
glue, which was found to be more effective than nail varnish, and left some free space 
for the treatment to reach the hair (fig. 2.2.A). Using this method, the hair was stiller, 
but was still able to move. The final and most successful design involved only having a 
small length of hair of ~1mm exposed from the tape, and no coverslip, to limit the 
movement of the hair (fig 2.2.B). A faster scanning speed of 700Hz was used on the Leica 
SP5 microscope for dynamic imaging, as this was required to capture sufficient data 
during z-stacks with oversampling in order to capture the whole hair. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2.2. Development of dynamic imaging of hair. A) Initial design. B) Final design. 
A 
B 
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2.2.1.4. Mounting medium testing 
Various mounting media were tested to find which had the refractive index (RI) closest 
to hair (RI 1.55), in order to give the best imaging resolution. Hair was mounted 
longitudinally in either distilled water (RI 1.33), glycerol (RI 1.47), Citifluor (Agar 
Scientific) (RI 1.52), Vectashield (Vector labs) (RI 1.45), Immersol 518F oil (Zeiss) (RI 
1.52), DePeX (RI 1.52) or onto double-sided tape. Double-sided tape gave poorer 
resolution than the alternatives. DePeX did not give a better resolution than the 
alternatives and also required the inconvenience of samples being mounted and dried 
in the fume hood. Citifluor gave good resolution if the hair had been kept dry, and 
Vectashield gave good resolution if the hair had been submerged in water prior to 
mounting. However, this resolution was comparable to using glycerol as the mounting 
medium, which was also cheaper to source. Water did not give as clear resolution as 
glycerol, but has still been vital for use as a medium in the hydration experiments. 
Using the transverse optical sectioning method for imaging, later it was found that 
Immersol 518F oil gave the best resolution of the hair, and the use of FLIM showed that 
there was also little difference between the effect of Immersol 518F oil, immersion oil 
type FF (Cargille Laboratories) (RI 1.49), and glycerol on the lifetime of the hair. This also 
showed that the media was not causing artefacts in the lifetimes seen in the hair. 
2.2.1.5. Keeping track of hairs 
For some experiments random slices of hair were not suitable to use. For the lipid and 
protein extraction of hairs, control and sample hairs were paired. To do this, lengths of 
hair approximately 15cm long were taped at one end across a piece of foil. Foil was used 
to keep the hairs clean and to stop the potential of plastic from leaching into the hairs. 
Each hair was numbered, and lengths were cut off as required, keeping note of the 
allocated hair number. 
2.2.1.5.1. Changes along the hair length 
For the study into changes down the hair length, a 12cm long hair was cut into 1cm 
sections, put onto slides for longitudinal imaging and labelled. The hair was left mounted 
in oil for a day so that the oil had completely penetrated all samples, because some 
samples may not be imaged for weeks as 1cm of hair takes approximately 2.5 hours to 
image. On the Leica SP5, the 405nm laser, a tile scan with an oversampling z-stack using 
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0.45µm steps, the 40x oil objective at 1.7x zoom, and a 700Hz scanning speed with the 
HyD detector were used for imaging the hair. 
2.2.2. Hair treatment chemicals 
Hairs were treated with a variety of chemicals, either commercially available or newly 
developed. Many of those developed by P&G begin with “CHM” which stands for 
“chemical hair modification”. The treatments were produced either as a cream or a 
liquid or both. 
Name Commercial 
or novel 
Hair treated Constituents Application 
time 
Vehicle 
CHM1 Commercial 
(Sally 
Hansen 
Facial 
Depilatory) 
Kurling 
International 
826515 
2.3% CaTG, 
Ca(OH)2, 
KOH 
4 min Cream 
CHM2 Commercial 
(Veet 
HydroRestor) 
Kurling 
International 
826515 
0.45M KTG, 
0.47M 
Ca(OH)2 
4 min Cream and 
aqueous 
CHM3 Novel Kurling 
International 
826515 
0.45M KTG, 
0.47M 
Ca(OH)2, 
0.44M GC 
4 min Cream and 
aqueous 
CHM4 Novel Kurling 
International 
826515 
0.44M GC, 
0.47M 
Ca(OH)2 
4 min Aqueous 
CHM5 Novel Kurling 
International 
826515 
0.44M GC, 
0.47M 
Ca(OH)2 
4 min Aqueous 
CHM22 Novel Kurling 
International 
821000-C-20 
8M LiBr, 25°C 20 min Aqueous 
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CHM23 Novel Kurling 
International 
821000-C-20 
8M LiBr, 85°C 20 min Aqueous 
CHM24 Novel Kurling 
International 
821000-C-20 
8M LiBr, 25°C 5 min Aqueous 
CHM25 Novel Kurling 
International 
821000-C-20 
8M LiBr, 25°C 5 day Aqueous 
CaI2 + SLS Novel Kurling 
International 
826515 
25% CaI2 + 
2% SLS 
10 min CaI2 
+ 5 min SLS 
Aqueous 
SLS Novel Kurling 
International 
826515 
28% SLS 5 min Aqueous 
CTAB + 
SLS 
Novel Kurling 
International 
826515 
2% CTAB, 
0.5% SLS 
Stepanol 
CTAB 5 min, 
SLS 5 min 
Aqueous 
Table 1.1. Commercial and novel hair depilatory treatments. CaTG = calcium 
thioglycolate, KTG = potassium thioglycolate, GC = guanidine carbonate. SLS = sodium 
lauryl sulphate. CHM = chemical hair modification. 
2.2.2.1. CHM1 
Sally Hansen Facial Depilatory (Coty), hereafter denoted as “CHM1”, was analysed by 
P&G and stated to contain 3.3% calcium thioglycolate, calcium hydroxide, and 
potassium hydroxide. These were made up into a cream chassis by P&G and applied to 
the hair for 4 min. The hair was then washed thrice in distilled water for 2 min each, and 
left to dry for 24h at room temperature. After drying, the samples were sent to Durham 
University for imaging. 
2.2.2.2. CHM2 and CHM3 
Veet HydroRestor (Reckitt Benckiser), hereafter denoted as “CHM2”, was analysed by 
P&G and stated to contain 4.2% or 0.45M potassium thioglycolate (Acros organics, cat# 
384702500), and 0.47M calcium hydroxide (Sigma Aldrich, cat# 239232). CHM3 is a 
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novel depilatory containing 4.2% or 0.45M potassium thioglycolate, 0.44M guanidine 
carbonate (Aldrich, cat# G11659) and 0.47M calcium hydroxide. These were both made 
up into cream chassis by P&G, and made up as aqueous solutions in-house for dynamic 
imaging. Hair was treated for 4 min, and the cream treated hair was then washed thrice 
in distilled water for 2 min each, and left to dry for 24h at room temperature. After 
drying, these samples were sent to Durham University for imaging. 
2.2.2.3. CHM4 and CHM5 
CHM4 is a novel depilatory containing 0.44M guanidine carbonate and 0.47M calcium 
hydroxide, made up to pH 12.5, and CHM5 was made to pH 11.4. These were prepared 
as aqueous solutions by both P&G and in-house for dynamic imaging. At P&G, hair was 
treated for 4 min, and then washed thrice in distilled water for 2 min each, and left to 
dry for 24h at room temperature. After drying, these samples were sent to Durham 
University for imaging. 
2.2.2.4. CHM22, CHM23, CHM24, CHM25 
The LiBr (8M; 69.5g) was slowly added to distilled water (100ml) with slow stirring to 
avoid significant heat rise on hydration. On completion of the addition, the solution was 
allowed to cool to ambient temperature. Then the hair fibres were added directly to the 
solution for the required time and temperature (ensuring the hair is fully immersed in 
the treatment solution). The hair samples were then removed and briefly immersed in 
a deionised water bath for 3s to remove excess solution and solid deposition on the fibre 
surface. After drying, the samples were sent to Durham University for imaging. 
2.2.2.5. CaI2 + SLS 
25g CaI2 (Sigma, cat# 590703) was slowly added to 75ml distilled water with stirring over 
a 20 min period. The solution was left for 24 hours so it could reduce to 20°C before 
treating the hair. The pH was tested to ensure it was between pH 7 and 8. Then 2g SLS 
solution (Sigma, cat# 590703) was added drop-wise into 98ml distilled water and was 
gently stirred as vigorous stirring may result in foaming. Using clean tweezers, each of 
the sample fibres was placed into the 25% CaI2 solution, ensuring complete submersion, 
and gently stirred once a minute. After 10 min the hair was removed and placed into the 
2% SLS solution for 5 min. After drying, the samples were ready for imaging. 
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2.2.2.6. 28% SLS 
Hair was incubated in a solution of 28% active SLS for 5 min in-house. After drying, the 
samples were ready for imaging. 
2.2.2.7. CTAB + SLS 
Hair was treated by P&G by incubating with 2% cetyltrimethylammonium bromide 
(CTAB) at pH 9.41 for 5 min, followed by 0.5% SLS Stepanol for 5 min. After drying, the 
samples were sent to Durham University for imaging. 
2.2.3. Relative humidity 
Individual untreated Chinese scalp hairs and CHM3 treated scalp hairs were separated 
into eppendorfs and left to equilibrate overnight in ambient room humidity, 70% 
humidity and 100% hydrated conditions at room temperature. Ambient room humidity 
was approximately 70% and was included in the experiment to test how results would 
differ to a controlled 70% humidity environment. A set 70% humidity was achieved by 
using a humidified plant chamber, and for 100% hydration hairs were incubated 
overnight in distilled water. As they were required for imaging, hairs were immediately 
mounted in oil to seal the saturated water inside the hair. 
2.2.4. Dyes and antibodies used on hair 
Chemical Concentratio
n / M 
Excitation 
wavelengt
h / nm 
Emission 
wavelengt
h / nm 
Supplier 
Octadecyl Rhodamine B 
chloride (R18) 
1x10-6 – 2x10-
4 
560 590 Invitrogen 
Rhodamine B 1x10-6 – 2x10-
4 
540 625 Sigma 
Aldrich 
Curcumin 1x10-2 420 550 Sigma 
Aldrich 
Oil Red O 1x10-2 633 643-800 Fisher 
Scientific 
Fluorescein 1x10-1 460 515 Edward 
Gurr Ltd. 
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Lanthanide EuDAP7A 3x10-2 405 450-550 & 
650-750 
Gift from 
Professor 
David 
Parker, 
Durham 
University, 
Departmen
t of 
Chemistry 
Lanthanide EuDGP2 3x10-2 405 450-550 & 
650-750 
Gift from 
Professor 
David 
Parker, 
Durham 
University, 
Departmen
t of 
Chemistry 
Lanthanide JW123 3x10-2 405 450-550 & 
650-750 
Gift from 
Professor 
David 
Parker, 
Durham 
University, 
Departmen
t of 
Chemistry 
N-(2-aminohexyl)-5-
(dimethylamino)naphthalen
e-1-sulphonamide 
5x10-5 405 450-600 Gift from 
Prof. M. 
Knight, 
Durham 
University, 
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Departmen
t of Biology 
Nile red 1x10-3 -1x10-6 559 629 Sigma 
Aldrich 
DAPI 1x10-9 350 470 Sigma 
Aldrich 
Hoechst33258 2x10-4 352 461 Invitrogen 
C5 Maleimide 1x10-7 622 640 AlexaFluor 
H&E 1% eosin N/A N/A RA Lamb 
Lamin A/C JOL2 mouse mAb 1:5 N/A N/A Gift from 
Prof. C. 
Hutchison, 
Durham 
University, 
Departmen
t of Biology 
Donkey anti-mouse 1:500 594 604-800 AlexaFluor 
Table 2.2. The dyes and antibodies used for analysis of the hair. 
2.2.5. Lipid extraction 
The lipids were extracted from the hair using 3 different methods to selectively remove 
lipids. The Wertz and Downing method and modified method for stratum corneum lipids 
method remove soluble lipids, and the CTAB method removes covalently crosslinked 
lipids from the hair. After each step in each method, the solvents were collected for 
analysis by GC/MS and some hairs were collected and air-dried for imaging. 
2.2.5.1. Wertz and Downing method 
The method from Wertz and Downing (1988) was adapted as follows: the hair was rinsed 
with deionised water, then lipids were extracted using methanol for 2 hours at room 
temperature, and then in chloroform:methanol at 2:1, 1:1, then 1:2 for 2 hours each, 
and then 24 hours each at room temperature, and finally the hair lipids were extracted 
with chloroform for 24 hours. 
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2.2.5.2. Modified method for stratum corneum lipids 
A simpler method adapted from extracting lipids from the stratum corneum in the skin 
was used, modified from Pappinen et al., 2008. This involved extracting the hair lipids in 
chloroform : methanol at 1:2 for 1 hour at room temperature and then for 1 hour at 
room temperature in 50mM citric acid : double distilled water : chloroform at 1:1:1. 
2.2.5.3. CTAB method 
The third method was adapted from Smith et al. (2010) as follows: the hair was treated 
with CTAB 2g/L under alkaline conditions using sodium hydroxide 10g/L at 60°C for 15 
min, then rinsed with deionised water at 40°C for 10 min, the hair was then acidified 
with acetic acid and 25% (v/v) isopropanol at room temperature for 10 min, finally the 
hair was washed with deionised water for 5 min at room temperature. 
2.2.5.4. Gas chromatography mass spectrometry analysis (GC/MS) 
Lipid extracts were dried under nitrogen or freeze-dried, then extracted with 
chloroform:methanol 1:1 and 0.9% KCl.  The lower phases were removed into new tubes 
and dried under nitrogen at 35ᵒC and derivatised with 200µl Tri-Sil TP for 20 min, 
extracted with 100µl water and 200µl hexane. The phases were separated by 
centrifugation and the upper hexane layer was analysed by GC/MS. A C17 internal 
standard was used. 
2.2.6. Visualisation of melanin 
Following the protocol from Ye et al., (2011), synthetic brown/black melanin was 
suspended in 1mg/ml distilled water. This was used to compare the reflective properties 
of pure, synthetic melanin against that of the melanin in Chinese scalp hair. 
2.2.7. Tensile properties 
The tensile properties of the untreated and treated hair were measured by P&G Egham. 
2.2.7.1. Measurement of tensile properties 
The mechanical tensile (stress/strain) properties of the untreated and treated hair were 
measured on a Diastron Miniature Tensile Tester with cross-sectional area 
measurement capabilities (available from Diastron Ltd,UK). Each wheel on the Diaston 
can contain 100 fibres, with 25 fibres of each treatment required for accurate results, 
along with 25 untreated as a control. One side of a large weigh boat was marked with 
‘root’, and the other side with ‘tip’. A small amount of hair fibres were placed into the 
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weighing boat in the right orientation. One fibre by the root side was taken and inserted 
into 2 brass crimps. The hair fibre was placed onto the ‘pressure slot’, pairing the left 
side with the root and the right side with the tip. The pressure slot was slid under the 
equipment. The pump was pressed until pressure reached 110bar. The excess brass 
crimp and hair fibre was cut off on each side. The fibres were loaded into the wheel, and 
the Diaston started. The break ratio reduction was calculated, which is a measure of 
depilatory efficiency and the amount the hair has been chemically weakened compared 
to untreated control hair, expressed as a percentage change. 
2.2.7.2. Measurement of hair swelling 
The diametral macro swelling of hair fibres with hydration was measured using a USB 
optical microscope. This method was designed to provide a rapid indication of the level 
of uptake of water by individual hair fibres. The hair fibres were treated with the 
corresponding chemistries for 4min and allowed to thoroughly dry under ambient 
conditions for 24h prior to swelling with deionised (DI) water. It was found that a USB 
microscope had sufficient resolution to clearly observe the edges of a fibre at 200x 
magnification. Three hair fibres of each treatment were fixed ~0.5mm apart to a 
microscope slide with ~1mm sections exposed from a piece of tape. A cover slip was 
place on top, allowing for a very small gap to apply water underneath. An image was 
captured before the water was applied dropwise to the edge of the slide. The water 
moved under the cover slide by capillary action until the three hair fibres were 
completely submerged. Subsequent images were then captured after a range of 
hydration times allowing for the both the rate and total diameter change to be 
calculated. 
2.3. Cell culture 
2.3.1. Cells 
2.3.1.1. HaCaT cells 
HaCaT cells are a spontaneously immortalised keratinocyte cell line derived from adult 
human skin, which were isolated by Fusenig et al., (1978). For this study they were 
obtained via Cell Line Services, GmbH, Eppelheim, Germany. 
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2.3.1.2. Human epidermal keratinocytes, neonatal (HEKn) 
HEKn cells are primary human epidermal keratinocytes isolated from neonatal foreskin. 
They were cryopreserved at the end of primary culture so arrived from the vendor as a 
frozen aliquot. They were purchased from Invitrogen, cat# C-001-5C, lot# 1653251. 
2.3.2. Routine cell culture 
2.3.2.1. Passaging 
Prior to using cell culture, liquids were warmed to 37°C and all equipment sprayed with 
70% ethanol. Cells were brought up from the -150°C freezer and thawed in a 37°C water 
bath. HaCaT cells were then resuspended in Dulbecco’s Modified Eagle Medium (DMEM) 
(Gibco life technologies, cat# 31966-047) with 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin (P/S). HEKn cells were resuspended, 20µl extracted, and the rest 
resuspended in 9ml EpiLife (Gibco life technologies, cat# MEPI500CA) with 1% human 
keratinocyte growth factor (HKGS) (Gibco life technologies, cat# S-001-5) and 0.2% 
gentamicin/amphotericin B (G/A) (Gibco life technologies, cat# 50-0640). Next, 20µl of 
the solution was added to 20µl of trypan blue for the cells to be counted on a 
haemocytometer. This was then used to calculate the volume of cells to be seeded into 
T75 flask (Greiner bio-one, cat# 658175) at a density of approximately 2500 cells per 
cm2. For HaCaT cells the flasks were topped up with 15ml DMEM and for HEKn cells the 
flasks were topped up with 10ml EpiLife, these were then incubated at 37°C in 5% CO2. 
After 48h the media was aspirated and replaced with 20ml DMEM for HaCaT cells or 
10ml EpiLife for HEKn cells. The confluency of the cells was checked every day, and once 
70-90% confluent the cells were passaged using the following protocol. For HaCaT cells, 
the media was aspirated from the T75 flasks, washed with 3ml versene (8g NaCl, 0.2g 
KCl, 1.15g Na2HPO4, 0.2g KH2PO4, 0.2g ethylenediaminetetraacetic acid (EDTA)(2Na++) 
in 1L distilled water, dispensed into 200ml aliquots and autoclaved) per T75 flask, 
washed with 3ml versene plus 0.25% v/v trypsin per T75 flask, then trypsinised with 3ml 
versene plus 0.25% v/v trypsin per T75 flask and incubated at 37°C until the cells had 
detached from the flask surface. Then 7ml DMEM were added per flask to inhibit the 
trypsin. For HEKn cells, the media was aspirated from the T75 flasks, washed with 2ml 
trypsin-EDTA (TE) (Gibco, cat# R-001-100) per T75 flask, then trypsinised with 2ml TE per 
T75 flask and incubated at 37°C until the cells had detached from the flask surface. Then 
5ml trypsin neutraliser (TN) (Gibco, cat# R-002-100) were added per flask to inhibit the 
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trypsin. This was pipetted into a falcon tube and then each T75 was repeatedly washed 
(6ml for 4 flasks) and the solution added to the falcon tube. Once the trypsin inhibitor 
had been added, the falcon tubes were centrifuged at 1000g for 5 min. The supernatant 
was aspirated and the pellet was resuspended in 10ml DMEM for HaCaT cells or 10ml 
EpiLife for HEKn cells, then 20µl of the solution was added to 20µl of trypan blue for the 
cells to be counted on a haemocytometer. This was then used to calculate the volume 
of cells to be seeded into a new flask, and DMEM or EpiLife added to a final volume of 
15ml or 10ml respectively. 
2.3.2.1.1. Freezing 
Once the cells were confluent, to freeze them down for banking the cells needed to be 
trypsinised following the passaging protocol, counted, then centrifuged at 1000g for 5 
min. The cryovials were prepared by putting them on ice. Next the supernatant was 
aspirated, and the cells resuspended at a concentration of 1x106 cells/ml in DMEM with 
10% FBS, 1% P/S and 10% dimethyl sulfoxide (DMSO) for HaCaT cells or in Synth-a-Freeze 
medium (Gibco, cat# A13713-01) for HEKn cells. These were left overnight at -80°C and 
then moved to -150°C. 
2.3.2.2. Crystal violet staining of adherent cells 
In a modified colony formation assay for cell survival (Feoktistova et al., 2016), HaCaT 
cells were seeded at approximately 8.6x104 cells/well in a 24 well plate, with 1ml DMEM 
plus 10% FBS and 1% P/S. They were then incubated for 48h at 37°C and 5% CO2. Next 
the cells were treated for 4 min with filter sterilised potassium thioglycolate (0.45M, 
45mM, 4.5mM) or guanidine carbonate (0.44M, 44mM, 4.4mM). Each chemical and 
concentration was tested separately, 1ml/well, and repeated three times. There were 
two control conditions: a phosphate buffered saline (PBS) wash and wells without any 
interference. After treatment, all wells including controls were given 1ml/well media 
and incubated overnight. Then the media was aspirated, the cells washed with PBS, and 
fixed with 10% formalin for 10 min at room temperature before aspirating. Next, 
1ml/well of 0.5% (w/v) crystal violet in distilled water was added for 30 min at room 
temperature. This was then aspirated and the wells were left to air dry. Finally, the wells 
were washed gently with tap water in a fume hood. The wells were imaged on the Leica 
M165 FC microscope. 
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2.3.2.3. Cell viability assay 
This cell viability assay or MTT assay (Mosmann, 1983; Denizot and Lang, 1986) uses 
thiazoyl blue tetrazolium bromide (Sigma, cat# M2128) to measure the metabolic 
activity of cells. HaCaT cells were seeded at approximately 5.3x104 cells/well in a 24 well 
plate, with 1ml DMEM plus 10% FBS and 1% P/S. They were then incubated for 48h at 
37°C and 5% CO2. Next the cells were treated for 4 min with filter sterilised potassium 
thioglycolate (0.45M, 45mM, 4.5mM) or guanidine carbonate (0.44M, 44mM, 4.4mM). 
Each chemical and concentration was tested separately, 1ml/well, and repeated three 
times. There were three control conditions: untreated cells, a no-cell control, and a 
50µM JNK inhibitor II treatment. Phenol-red free DMEM was prepared with 10% FBS and 
1% P/S, and in it was dissolved 1mg/ml thiazoyl blue tetrazolium bromide. This was fully 
dissolved by incubating at 37°C in the dark for at least 15 min. This was then filter 
sterilised by passing through a 0.2µm filter using a sterile syringe, and protected from 
direct light. The media was then removed from the cells, washed with PBS, and 1ml 
thiazoyl blue tetrazolium bromide MTT reagent solution was added to each well. The 
wells were incubated for 1h at 37°C in the dark. Next, the solution was removed from 
the wells and they no longer needed protection from the light. Acidic isopropyl alcohol 
(IPA), made using 10% HCl in propan-2-ol, was added 500µl/well, and placed on a shaker 
for 10 min. Subsequently, 100µl of the solution was pipetted into a cuvette, followed by 
the addition of 900µl IPA to dilute. The no-cell controls were used to blank the 
spectrophotometer at 570nm to eliminate background absorbance values. The MTT cell 
viability assay measures colorimetric change due to the conversion of the yellow 
tetrazolium substrate into an insoluble purple formazan product. This reduction can only 
be performed by metabolically active and therefore viable cells. The colorimetric change 
that results is recorded as an absorbance, read at 570nm on a spectrometer, and is 
directly proportional to the number of living cells in culture. 
2.3.2.4. Immunofluorescence 
Six-well plates were prepared with three autoclaved 13mm glass coverslips in each well. 
Using a haemocytometer, HaCaT cells were seeded equally into 6 well plates with DMEM 
including 10% FBS and 1% P/S. The cells were then incubated at 37°C and 5% CO2. The 
cells were checked daily for confluency and the media was changed every 48h. Once the 
cells were 50-90% confluent they were treated with the depilatory chemicals for 4 min. 
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Some samples were also treated with 50µM c-Jun N-terminal kinase (JNK) inhibitor II 
(SP600125) (Calbiochem, cat# 420119), which was protected from light. Cells were then 
given new media, including 50µM JNK inhibitor II if applicable, and incubated for either 
1h or 48h depending upon the protein under investigation. The cells were then fixed 
with 1ml/well 4% paraformaldehyde (PFA) for 12 min at room temperature. The PFA 
was removed and 2ml/well PBS was added so the cells could be stored in the fridge for 
up to a week until staining. Next, 0.5% Triton X-100 (Fisher Scientific, cat# BPE151-100) 
in PBS was added 1ml/well for 15 min at room temperature. The wells were then washed 
twice with PBS for 4 min each at room temperature. Following this the cells were 
incubated with 0.5% fish skin gelatin (Sigma, cat# G7765), 1% Triton X-100, and 1% 
bovine serum albumen (BSA) with 1ml/well for 30 min at room temperature to block 
non-specific antigens. The cells were then washed twice in PBS but the second wash was 
not removed, allowing for the secondary antibody-only controls to be stored in PBS until 
required, otherwise the controls were treated the same as the test samples. Primary 
antibodies were prepared in blocking solution. Primary antibodies were pipetted onto 
labelled parafilm, 50µl for each coverslip, and then the coverslips were placed on top of 
the droplet cell-side down and incubated for 1h at room temperature or overnight at 
4°C in a moist chamber. The coverslips were then washed in 50µl PBS droplets on 
parafilm four times for 5 min each at room temperature. Secondary antibodies were 
prepared in blocking solution. Secondary antibodies were pipetted onto labelled 
parafilm, 50µl for each coverslip, and then the coverslips were placed on top of the 
droplet and incubated for 1h at room temperature in a moist chamber. The coverslips 
were then washed five times with PBS, and mounted onto glass slides using 
ImmunoMount mounting media with 1:1000 4',6-diamidino-2-phenylindole (DAPI). The 
slides were ready for imaging the following day and could be continuously stored in the 
dark at 4°C. 
2.3.2.5. Protein extraction, electrophoresis and immunoblotting 
HaCaT cells cultured in 10cm2 plates were harvested for total cell protein extraction as 
follows: the media was removed and the cells washed with PBS. The cells in the plates 
were then placed on ice. Using cell scrapers, the cells were lysed using 2x Laemmli 
(Laemmli, 1970) sample buffer (50mM Tris-HCl pH6.8, 20% v/v glycerol, 1mM EDTA, 1% 
sodium dodecyl sulphate (SDS)) supplemented with protease inhibitor cocktail (Roche, 
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UK), 1 tablet/10ml sample buffer, 1ml/plate. The samples were then boiled for 5 min. 
Next, the samples required homogenising through a 25G needle with fifteen repetitions. 
The samples were then centrifuged at 13g and 4°C for 5 min. Following this the 
supernatant was moved into a clean Eppendorf and pipetted into 20µl aliquots. The 
aliquots were frozen at -20°C for up to a month. 
Modified Bradford assays (Bradford, 1976) were carried out to determine the total 
protein concentration in each of the samples (table 2.3). 
Reagent Standard Sample 
1 2 3 4 5 6 
1mg/ml BSA 0 1 2 5 10 15 2 (of sample, not 
BSA) 
0.1M HCl 10 10 10 10 10 10 10 
Laemmli sample buffer 2 2 2 2 2 2 0 
Distilled water 88 87 86 83 78 73 88 
20% Bradford Reagent 900 900 900 900 900 900 900 
Table 2.3. Modified Bradford assay standard and sample constituents. Amounts are in 
microlitres. 
After adding the Bradford Reagent, the solutions were then incubated at room 
temperature for 15 min. The absorbance was read on a spectrophotometer set at a 
wavelength of 595nm. A standard curve was then plotted using the average absorbance, 
and compared to the standards and the concentration calculated along with the volume 
of sample for loading 20µg onto gels. 
A protein electrophoresis gel (Tiselius, 1937) was then run using BioRad equipment and 
stained with coomassie blue (0.1% brilliant blue (BioRad, cat# 161-0400), 10% acetic 
acid, 50% methanol, 40% water) to check for equal loading as follows: a 10% 
resolving/running gel was prepared, 6ml/gel (1.5ml 40% acrylamide, 1.5ml 1.5M Tris 
pH8.8, 60µl 20% SDS, 2.94ml distilled water, 60µl ammonium persulphate (APS), 2.4µl 
N,N,N’,N’-tetramethylethylenediamine (TEMED) (Sigma, cat# T7024)), the APS and 
TEMED were added last before pouring the gel. A thin layer of ethanol was used to 
flatten the gel. Once the gel was set, the ethanol was removed and the 4% stacking gel 
was poured, 3ml/gel (300µl 40% acrylamide, 390µl 1.0M Tris pH6.8, 30µl 20% SDS, 
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2.28ml distilled water, 30µl APS, 3µl TEMED (APS and TEMED were added immediately 
before pouring)). A 15-toothed comb was inserted into the gel and left to set. Once set, 
the comb was removed and the tank buffer (3.03g Tris, 14.42g glycine, 1.0g SDS, in 1L 
distilled water) was poured into the inner chamber of the BioRad gel tank. Samples were 
prepared using the volume required for 20µg of sample, adding 2µl 5xSB loading buffer, 
and topping up to 15µl with distilled water. The samples were then boiled at 95°C for 3-
5 min and centrifuged at 12000rpm for 5 min. The samples were then loaded or kept on 
ice until ready. In each gel 5µl protein standard marker was loaded to the left of the 
samples. The rest of the tank was filled with tank buffer and run at 120V for 
approximately 1.5h. The gel was then stained with coomassie blue for about 1h. The gel 
was then destained (7% acetic acid, 20% ethanol, 73% water) for at least 2h with two 
changes until the background of the gel was nearly clear. An image of the gel was then 
taken. 
If the samples appeared to be loaded equally another gel was then carried out, but not 
stained with coomassie. Instead the gel was prepared for transferring by stacking it into 
the XCell II Blot Module (Invitrogen, cat# EI9051), along with blotting pads and filter 
paper (amounts and ordering depended upon the number of gels to transfer), a transfer 
membrane on the anode side of the gel, soaked with transfer buffer (3.03g Tris, 14.4g 
glycine, 200ml methanol, 800ml water), and a roller was used to remove air bubbles. 
The chamber was filled with transfer buffer and the outer tank with distilled water to 
assist with heat transfer. Transfer was run at 250mA for 2h 15min. 
After transfer the gel was coomassie stained to check for protein transfer and an image 
was taken. The membrane was washed thrice on a rocker, 5 min each, in blot rinse buffer 
(BRB+T) (1.21g Tris, 8.8g NaCl, 0.372g EDTA, 1ml Tween 20 (VWR, cat#437082Q) topped 
up to 1L with distilled water). The membrane was then stained with Ponceau S for a few 
minutes, then rinsed with BRB+T, and an image taken to check the protein has 
transferred equally. The stain was then completely rinsed off the membrane with 
BRB+T, this was then followed by blocking in 5% milk powder in BRB+T for 1h at room 
temperature. The membrane was then incubated in primary antibody made up in 
blocking solution, on a rocker ensuring that the membrane gets equal coverage for 1h 
at room temperature or overnight at 4°C. The primary antibodies could be reused up to 
4 times if stored at -20°C. The membrane was then washed thrice on a rocker, 5 min 
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each, in BRB+T, before incubating in horseradish peroxidase (HRP) in blocking solution 
for 1h at room temperature on a rocker. The membrane was then washed thrice on a 
rocker, 5 min each, in BRB+T. An enhanced chemiluminescence (ECL) Western blotting 
(WB) analysis system was used for the detection reagents (Amersham, cat# RPN2108). 
Per membrane, 0.5ml detection reagent 1 was added to 0.5ml detection reagent 2 and 
mixed. The membrane was put in a plastic envelope and the ECL added for 1 min. The 
ECL was removed by blotting the corner of the membrane before the membrane was 
placed in the X-ray film cassette, ensuring there were no air bubbles as the plastic sheet 
was lowered. In the dark room the X-ray film was cut and placed over the plastic sheet 
covering the membrane for up to 1 min, depending upon the intensity of the signal. This 
was then developed and an image was taken for densitometry analysis. This method 
was then repeated from the wash before the primary antibody incubation for the 
loading controls. 
2.3.2.6. Antibodies utilised 
Type Immunogen Manufacturer Class Dilution 
Primary HSP27 ThermoScientific, 
cat# MA3-015 
Mouse 
monoclonal 
IF: 1:500 
WB: 1:1000 
Primary HSP70 ThermoScientific, 
cat# MA3-028 
Mouse 
monoclonal 
IF: 1:200 
WB: 1:500 
Primary Keratin 14 Abcam, cat# 
ab7800 
Mouse 
monoclonal 
IF: 1:200 
WB: 1:800 
Primary Involucrin Abcam, cat# 
80530 
Mouse 
monoclonal 
IF: 1:200 
WB: 1:1000 
Primary Ki67 Abcam, cat# 
ab16667 
Rabbit 
monoclonal 
IF: 1:250 
Primary Actin Abcam, cat# 
ab11003 
Mouse 
monoclonal 
WB: 1:500 
Primary GAPDH Abcam, cat# 
ab9485 
Rabbit 
polyclonal 
WB: 1:2000 
Primary β-tubulin Sigma, cat# 
T8328 
Mouse 
monoclonal 
WB: 1:2000 
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Primary Periplakin Santa Cruz 
Biotechnology, 
cat# SC-16754 
Goat 
polyclonal 
IF: 1:100 
Primary Desmoplakin Abcam, cat# 
ab14418 
Rabbit 
polyclonal 
IF: 1:400 
Secondary Goat anti-
mouse 
AlexaFluor 594 IF: 1:800 
Secondary Goat anti-
rabbit 
AlexaFluor, cat# 
A11008 
488 IF: 1:800 
Secondary Donkey anti-
rabbit 
AlexaFluor 488 IF: 1:800 
Secondary Donkey anti-
goat 
AlexaFluor 594 IF: 1:800 
HRP Goat anti-
mouse 
Dako, cat# P0447 Polyclonal WB: 1:1000 
HRP Donkey anti-
rabbit 
Jackson 
Immunoresearch, 
cat# 711-035-147 
Polyclonal WB: 1:3000 
Other Phalloidin AlexaFluor, cat# 
A12379 
488 IF: 1:500 
Other DAPI Sigma 405 IF: 1:1000 
Table 2.4. Antibodies used for HaCaT analysis. IF = immunofluorescence. WB = Western 
blotting. HRP = horseradish peroxidase. 
2.3.3. HEKn cells 
2.3.3.1. 3D epidermal model generation 
The required number of corning transwell inserts (Corning, cat# CLS3413-48) were 
transferred into a sterile 24 well tissue culture plate. A collagen coating matrix solution 
was prepared by diluting coating matrix (Gibco, cat# R011K) 1:100 in dilution medium, 
and adding 100µl to each insert. The coated inserts were then incubated at room 
temperature for 30 min. During this time, HEKn cells in 2D cell culture were trypsinised, 
centrifuged, and the supernatant aspirated. Then the coating matrix solution was 
aspirated. The cell pellet was resuspended in prepared EpiLife (with 1% HKGS, 0.2% G/A, 
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10ng/ml keratinocyte growth factor (KGF) (Gibco, cat# PHG0094), 140uM CaCl2, 
50µg/ml ascorbic acid (Sigma, cat# A4544) (from frozen sterile filtered aliquots)) to a 
final concentration of 2.5x106 cells/ml, and distributed at 100µl. Cells were incubated 
for 1h to allow them to attach to the insert (fig. 2.3.A), then two drops of media were 
gently added on top of the insert, and 2ml of media were added between the well and 
the insert. The undersides of the inserts were checked for air bubbles. The seeded 
inserts were then incubated at 37°C in 5% CO2 for 48h (fig. 2.3.B). After 48h the cells 
were taken to the air-liquid interface (fig. 2.3.C). The media was aspirated and newly 
prepared EpiLife (with 1% HKGS, 0.2% G/A, 10ng/ml KGF, 1.64mM CaCl2, 50µg/ml 
ascorbic acid) was added 0.5ml to each well, keeping the insert surface dry. This media 
was changed every 48h for 10 days, after which the cells were either treated or fixed. 
 
 
 
 
2.3.3.2. Paraffin embedding 
The 3D HEKn epidermal models were fixed by removing the media, cutting the inserts in 
half with a scalpel (half for paraffin embedding, half for cryofixation (see 2.3.2.4.)), and 
adding 1ml 4% PFA to the half for paraffin embedding for 1h at room temperature or 
overnight at 4°C. The inserts were then washed twice with PBS, and dehydrated in 
ethanol series of 30%, 50%, 70%, 80%, 90%, 95%, and 100% for 10-15 min each at room 
temperature. They could be left overnight at 4°C in 95% ethanol if necessary. The inserts 
were then incubated in histoclear (National diagnostics, cat# HS-200) for 10-15 min, 
Fig. 2.3. Schematic of part of the 3D epidermal model generation. A) Attachment of 
the cells on the surface of the insert. B) Incubation of the submerged culture for 48h, 
C) Removal of the media to give the air-liquid interface. 
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before adding an equal amount of wax from the wax dispenser and placing the inserts 
in the oven set at 60°C for 30 min. The solution was then poured off and more wax was 
added and placed in the oven for 1h. Then the inserts were taken out and placed with 
the straight side in the moulds half filled with molten wax, running parallel with the 
plastic mould lengthwise so that the cell layers would not separate when sectioning with 
a microtome and all layers could be seen in one section. The rest of the mould was then 
filled with wax, the cassette added, and some more wax added on top. These were then 
placed in the fridge at 4°C overnight or until sectioning. When sectioning, the sections 
were cut at a thickness of 5µm or 10µm, and left to dry for at least 2h on a hot block, 
then stored at room temperature prior to staining. 
2.3.3.2.1. Immunohistochemistry 
First the slides were placed in a rack and deparaffinised in xylene for two washes, 3 min 
each. The slides were then washed in 1:1 xylene:100% ethanol for 3 min. Next the slides 
underwent serial ethanol rehydrations for 3 min each in 100% (twice), 95%, 70% and 
50%. They were then kept in cold water until ready for antigen retrieval or 
permeabilisation. Antigen retrieval consisted of placing the slides in a 10mM citric acid 
+ 0.05% Tween 20 pH6.0 bath at 95°C for 20 min. The sections on the slides were then 
drawn around using an ImmEdge hydrophobic barrier pen (Vector laboratories, cat# H-
4000). The cells were then permeabilised in 0.1% Triton X-100 in PBS for 15 min. Next, 
nonspecific binding was blocked with blocking buffer (2% BSA and 1% fish skin gelatin in 
PBS). After carefully draining the blocking buffer away the sections were incubated with 
primary antibody in blocking buffer, 50µl per section, for 1h at room temperature or 
overnight at 4°C in a moist chamber. The sections were then washed twice with PBS. 
Following this came incubation with the secondary antibody in 2% BSA in PBS for 1h at 
room temperature in the dark. The sections were then washed thrice for 5 min each 
with PBS, before mounting in ImmunoMount mounting media with 1:1000 DAPI. The 
slides were ready for imaging the following day and could be continuously stored in the 
dark at 4°C. 
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2.3.3.2.2. Antibodies utilised 
Type Immunogen Manufacturer Class Dilution 
Primary HSP27 ThermoScientific, 
cat# MA3-015 
Mouse 
monoclonal 
1:500 
Primary HSP70 ThermoScientific, 
cat# MA3-028 
Mouse 
monoclonal 
1:1000 
Primary Ki67 Abcam, cat# 
ab16667 
Rabbit 
monoclonal 
1:100 
Primary Keratin 14 Covance, cat# 
PRB-155P 
Rabbit 
polyclonal 
1:1000 
Primary Involucrin Abcam, cat# 
80530 
Mouse 
monoclonal 
1:750 
Secondary Goat anti-
mouse 
AlexaFluor 488 1:1000 
Secondary Chicken anti-
rabbit 
AlexaFluor 594 1:1000 
Other Phalloidin AlexaFluor, cat# 
A12379 
488 1:500 
Other DAPI Sigma 405 1:1000 
Table 2.5. Antibodies used for HEKn epidermal model analysis. 
2.3.3.3. Cryo-embedding 
The media from the 3D HEKn epidermal models was removed, and the inserts cut in half 
with a scalpel (half for paraffin embedding (see 2.3.2.3.), half for cryofixation). A layer 
of optimal cutting temperature compound (OCT) (Scigen, cat# 4583) was placed at the 
bottom of a plastic mould and put on top of a foiled lined polystyrene box containing 
liquid nitrogen. The cut semi-circular insert was placed with the straight side in the OCT 
running parallel with the plastic mould lengthwise so that the cell layers would not 
separate when microtoming and all layers could be seen in one section. The rest of the 
mould was then filled with OCT carefully as to not disturb the position of the insert, and 
lowered into the liquid nitrogen bath. Once frozen, the samples were wrapped in foil at 
stored at -80°C until cryosectioning. When cryosectioning, the sections were cut to a 
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thickness of 7µm. They were then dried at room temperature for 1h before storing at -
20°C until staining. 
2.3.3.3.1. Haematoxylin and eosin staining (H&E) 
Slides were placed into a rack and taken through the following procedure for Mayers 
haematoxylin and eosin staining. For paraffin embedded sections, slides were placed in 
histoclear for 5 min, 100% ethanol for 2 min, 95% ethanol for 1 min, 70% ethanol for 1 
min, distilled water for 1 min, haematoxylin (1g haematoxylin (RA Lamb), 0.2g sodium 
iodate and 50g aluminium potassium sulphate added to 1L distilled water, stirred 
overnight then 50g chloral hydrate and 1g citric acid crystals added, boiled for 5 min and 
ripened at room temperature for 3 months) for 5 min, distilled water for 30s, alkaline 
alcohol (3% ammonia in 70% ethanol) for 30s, 70% ethanol for 30s, 95% ethanol for 30s, 
eosin (0.5% eosin (RA Lamb) in 95% ethanol) for 30s, 95% ethanol twice for 10s each, 
100% ethanol for 15s then 30s, histoclear twice for 3 min each. For cryo-embedded 
sections, slides were placed in PBS for 10 min for rehydration, then fixed in 4% PFA at 
4°C for 15 min, then washed thrice in PBS for 5 min per wash, then washed in distilled 
water for 1 min, stained in Mayers Haematoxylin for 5 min, washed in distilled water for 
30s, blued the nuclei in alkaline alcohol for 30s, dehydrated in 70% followed by 95% 
ethanol for 30s each, stained in eosin for 1 min, dehydrated in 95% ethanol twice for 10s 
each, dehydrated in 100% ethanol for 30s, and washed in histoclear twice for 3 min each. 
All the slides remained in the histoclear until coverslips were mounted using DePeX 
(BDH, cat# 361252B) and were then left to dry for at least 1h in a fume hood. The Leica 
DM500 compound light microscope was used to image H&E HEKn epidermal sections. 
2.3.4. Cornified envelope extraction 
Cornified envelopes were extracted according to Maatta et al., (2001) and Sevilla et al., 
(2007). Rat ear tip tissue samples were cut into smaller pieces using sterile scissors and 
added to cornified envelope extraction buffer (20mM TrisHCl pH7.5, 5mM EDTA, 10mM 
dithiothreitol (DTT) and 2% w/v SDS) and boiled for 20 min at 95°C. The pieces of 
remaining bulk were then removed with tweezers, and the mixture was centrifuged at 
1000g for 5 min. The supernatant was then removed and the mixture was resuspended 
in cornified envelope wash buffer (0.2% w/v SDS). This centrifugation and wash was 
repeated twice, before the cells were resuspended in PBS with 0.6mg/ml Nile red for 
imaging. 
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2.3.5. Treatment of cells with hair modifying chemicals 
The commercial potassium thioglycolate and novel guanidine carbonate component 
were tested on cells with an application time of 4 min. This required staggering of the 
treatments to ensure each treatment lasted precisely 4 min. 50µM JNK inhibitor II 
(SP600125) (Calbiochem, cat# 420119) was also tested with treatments and alone along 
with 1.5mM CaCl2 to investigate the effect of the treatments on differentiation 
pathways. As JNK inhibitor II is soluble in DMSO, a DMSO control was also used along 
with the no-treatment control. All experiments were carried out in triplicate. 
Chemical Concentrations (M) Cells tested 
Potassium thioglycolate 0.45 HaCaT, HEKn, cornified 
envelopes 
Potassium thioglycolate 0.2 Cornified envelopes 
Potassium thioglycolate 0.045 HaCaT, HEKn 
Potassium thioglycolate 0.0045 HaCaT, HEKn 
Guanidine carbonate 0.44 HaCaT 
Guanidine carbonate 0.2 Cornified envelopes 
Guanidine carbonate 0.1 Cornified envelopes 
Guanidine carbonate 0.044 HaCaT, HEKn 
Guanidine carbonate 0.0044 HaCaT, HEKn 
Table 2.6. Concentrations of the treatments, and the cells on which they were tested. 
KTG = potassium thioglycolate, GC = guanidine carbonate. 
2.4. Imaging 
2.4.1. Confocal microscopy 
2.4.1.1. Leica TCS SP5 
The Leica TCS SP5 confocal laser scanning microscope was used as the main system for 
imaging hair and skin samples. The microscope system has a choice of 9 laser lines for 
excitation: 405nm, 458nm, 476nm, 488nm, 496nm, 514nm, 543nm, 594nm, and 633nm. 
Though all of these laser lines were used in this study, 405nm was predominantly used 
for autofluorescence, and 633nm was also used in reflection mode. In addition, there 
are two pulse lasers: 470nm and 640nm for use with FLIM using the TCSPC method 
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(time-correlated single photon counting). FLIM data was acquired (photons counted) 
until 1000 photons were counted in the brightest image pixel. This microscope is capable 
of selective spectral detection ranges of 400nm-800nm and spectral scans, and has 5 
detectors: PMT1-4 (PMT 2 and 4 are FLIM PMTs) and HyD. In the SP detection system, 
instead of filters, spectral separation is performed by a prism and adjustable mirror-
sliders in front of each detector. It is this arrangement that allows simultaneous data 
acquisition at five individually tuneable spectral bands. The HyD detector reduces 
acquisition times and allows the use of lower laser intensities, giving reduced 
photobleaching, phototoxicity and improved cell viability. Images were acquired with 
either a 1.4NA 63x or a 1.25NA 40x oil immersion objective, or a 1.2NA 63x water 
immersion objective. In the majority of cases, images were acquired at a scanning speed 
of 400Hz with a pixel resolution of 1024x1024, with line averaging. 
To image hair autofluorescence with an UV excitation source below 405nm, a second 
Leica SP5 II system was used which possessed an 80mW coherent 355nm 3rd harmonic 
NdYAG laser. Images were acquired with the same settings as described above. 
2.4.1.2. Zeiss 880 Airyscan 
The superior image quality and sensitivity of the Zeiss 880 Airyscan, which arrived 
towards the end of the project, was used to further image putative melanin granules 
within the hair. The 405nm laser line was used for autofluorescence and the 633nm laser 
line was used for reflection, along with the 1.4NA 63x oil immersion objective. 
2.4.2. Super-resolution 
The system is an Applied Precision OMX BLAZE Super-Resolution microscope supplied 
by GE Healthcare. The microscope can use two light based modalities to achieve 
multichannel super-resolution or sub-diffraction imaging below 200nm. The first is 3D-
SIM (structured illumination microscopy) which provides an 8-fold improvement in 
volumetric resolution (xy 100nm by z 250nm) using a wide variety of common 
fluorophores at high frame rates (16 3D-SIM sections (0.125nm, 2µm) in 1s (240 
images)). Secondly the system is also equipped with Deltavision localisation microscopy, 
allowing lateral resolution of 20-50nm, <100nm axial. In addition to the super-resolution 
methods mentioned above, this microscope can be used in ultra-high speed 
conventional widefield mode which can then be subjected to deconvolution to very 
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quickly generate high quality 3D images. This setting with 405nm excitation and the 
1.40NA 63x oil immersion objective was used to image the hair transversely to give a 
high resolution of the exocuticle and endocuticle. 
2.4.3. Total internal reflection fluorescence (TIRF) 
The Leica AM TIRF MC was used to selectively image the surface of the hair when stained 
with R18. The 561nm laser line was used for excitation with the 1.47NA 100x oil 
immersion objective. TIRF uses the evanescent field generated by total internal 
reflection to excite fluorophores. Instead of illuminating an entire specimen with 
excitation light, as in widefield fluorescence microscopy, the evanescent field only 
penetrates the specimen to a depth of 70–200 nm. The system uses an EMCCD camera 
providing fast acquisition speed and images with excellent signal to noise. 
2.4.4. Transmission electron microscopy (TEM) 
Hairs were prepared for imaging on the Hitachi H-7600 TEM by undergoing serial ethanol 
dehydrations, followed by incubating for 10 min in 1% alcoholic uranyl acetate to stain 
the phosphate and amino groups. The hydroxyl groups were then stained using lead 
citrate for 10 min. The hairs were then embedded in hard LR white, and sectioned at 50-
70nm onto 50 and 100 mesh grids. Samples were imaged on the TEM using an HV of 
100kV. 
2.4.5. Field emission scanning electron microscopy (FeSEM) 
This Hitachi S-5200 FeSEM has a very high resolution of up to 0.5nm. Hairs were 
prepared for imaging on the field emission scanning electron microscope in glass vials 
and placed on a rotator. First they were fixed in 2.5% glutaraldehyde and 0.1M 
cacodylate buffer for 30 min. Then they were washed twice for 5 minutes each in 0.1M 
cacodylate buffer, stained with 1% osmium tetroxide for 30 minutes, then washed thrice 
for 5 minutes each time in 0.1M cacodylate buffer. Hairs were then serially dehydrated 
for 10 minutes in each of 50%, 70%, 95% and 100% ethanol. Next, the hairs underwent 
critical point drying, then were cut into 0.5cm lengths, and attached to silicon chips with 
conductive tape. Finally, hairs were sputter coated with 5nm platinum at a 50° tilt before 
imaging. 
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2.4.6. Software 
ImageJ was used for the image analysis of Western blots and images from microscopes. 
LAS AF Lite software was used for the analysis of Leica SP5 confocal images. SymPhoTime 
32 software was used for the gathering of data using FLIM on the Leica SP5 as well as 
for the curve fitting and analysis of data. LAS EZ software was used to gather images on 
the Leica DM500 microscope. Zen Blue is the analysis component of the software used 
for image analysis on the Zeiss 880 microscope. The AMT V600 image capture engine 
was used to capture images on the TEM. With all software, only linear adjustments were 
made to the brightness (luminosity) and contrast of the images. All raw data with 
accompanying metadata is available on the instrument computers and on personal hard 
drives. 
Once the data was gathered, most of the numerical data analysis was carried out in 
Microsoft Excel. Graphs were produced where necessary, and displayed with error bars 
of ± 2* standard error of the mean (SEM) unless otherwise stated. Error bars of ±2*SEM 
were chosen as these represent an approximate confidence interval of 95% of the true 
parametric mean, whereas ±1*SEM only gives a ~68% confidence interval of the true 
mean (McDonald, 2014). The approximate 95% confidence interval is a more useful 
metric to view on the graphs. Statistical analysis was performed using Microsoft Excel 
and Minitab 17. Parametric and non-parametric statistical tests were used where 
appropriate and after performing an Anderson-Darling normality test. The parametric f-
tests, t-tests and paired t-tests were used to analyse data for significant differences. The 
non-parametric tests used were the Wilcoxon paired test, Mann-Whitney U-test and the 
Kruskal-Wallis test. For a result to be considered significant enough to reject the null 
hypothesis the p-value was <0.05. 
 Chapter 3 
 
 
 
 
 
 
 
 
 
 
 
Visualisation of hair structures by label-
free imaging
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 3.1. Introduction 
In order to study the effects of chemical depilatories on hair, first the structure of the 
untreated hair must be understood. Chinese scalp hair was used as the standard hair 
model, as it is very uniform in shape, size and colour compared to other body hairs and 
other ethnicities (Wei et al., 2005). 
The overall aim of this chapter was to develop label-free imaging methods for hair, 
investigate the use of autofluorescence, and to develop optical transverse imaging and 
dynamic imaging methods. The subsequent aims were to use these methods to further 
the knowledge on hair structure and morphology, and to investigate an uncharacterised 
hair and skin disorder. 
The first aim to visualise hair structures using label-free imaging is important because 
label-free imaging allows the native state of the hair to be observed, without dyes or 
processing prior to imaging which can cause artefacts. To date, the majority of hair 
imaging was done either using standard light microscopy, which does not allow 
resolution of the cellular structure of the cortex (Wagner et al., 2007); the use of 
histological dyes and sectioning (Swift et al., 2000); lower resolution confocal 
microscopy (Lagarde et al., 1994; Swift et al., 2000; Kirkbride and Tridico, 2010); or 
electron microscopy which requires time-consuming sample preparation (Bradbury and 
O’Shea, 1969; Clement et al., 1981; Wagner et al., 2007), potentially changing the state 
of the native hair. In addition, hair has previously been imaged with digital volumetric 
imaging utilising autofluorescence of the hair (Gruber and Kerschman, 2004). Although 
similarly to electron microscopy the sample must be embedded in a polymeric matrix, 
potentially altering the hair, and additionally, the resolution of the images was not as 
high as those gathered with the equipment available for this study. This meant that to 
image hair quickly, in its native state, and with high resolution, new methods needed to 
be developed in this study. First, the imaging of hair longitudinally using the various 
excitation wavelengths of confocal microscopy was optimised to find which wavelengths 
caused autofluorescence in specific areas of the hair. Next, other avenues were 
explored, including imaging the hair in real-time during treatment. The aim to develop 
label-free dynamic imaging methods was needed because these methods allow changes 
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 in the hair to be followed in real-time, whereas all previously published methods only 
show the static end-point of the hair after treatment. The aim to develop the transverse 
optical sectioning method was important because the z-axis resolution in confocal 
microscopy is less than the x-axis and y-axis resolution, so the new method allows for 
more detailed analysis of structures through the hair than longitudinal imaging would 
allow. This method has paved the way for new insights to be made into the structure of 
hair. Mostly, confocal microscopy was used with a 405nm excitation laser because it 
induced the optimal autofluorescence in the hair. When necessary, findings were then 
validated using dyes and other microscopy techniques. The aim of label-free imaging 
was also achieved by using the reflection mode of the confocal microscope to detect 
reflective structures in the hair, without the need to stain the hair and at a higher 
resolution than previous research (Kimura et al., 1999; Hadjur et al., 2002; Rudnicka et 
al., 2008). Collection of image data in reflection mode differs from that used in 
conventional confocal fluorescence mode in that the range in which the detector 
operates is moved to overlap the wavelength being emitted only, omitting induced 
fluorescence wavelengths. 
This study accomplishes the aims to further knowledge on hair structure and 
morphology through the following approaches. First the emission spectra of the hair 
cuticle and cortex when excited with 9 different wavelengths is explored to show why 
405nm was chosen as the primary wavelength for exciting the hair. The chapter then 
goes through the layers of the hair, concentrating on each in turn and highlighting the 
novel insights made. Firstly, the cuticle is investigated, centring on the cuticle surface, 
the exocuticle and the endocuticle, the cuticle in beard hair, and the effect upon the 
cuticle of plucking the hair. Next the cortex is examined, focussing on organelle 
remnants and melanin-like particles, followed by the medulla. The results of measuring 
the cuticle cell length, organelle area and cortical cell area along a year’s worth of hair 
growth are then shown to determine whether there are any annual trends in the cell 
and organelle sizes. These measurements were also done to investigate the effect upon 
the results of randomly sampling hair from any region along its length. Subsequently, 
the final aim is achieved by using the newly developed methods which enabled the 
investigation of a sample of hair from a patient with an unknown hair and skin disorder, 
wherein insights were made to help with the characterisation of the disorder.
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 3.2. Experimental approach 
All the shown images are representative examples of at least 5 hairs imaged 
longitudinally or 6 hairs imaged transversely with each setting, unless stated otherwise. 
3.2.1. Spectral scans 
Spectral scans were carried out using the Leica TCS SP5 confocal laser scanning 
microscope. All scans were done using 30% of the power capacity of each of the 9 laser 
lines. Non-normalised emission spectra were used to show the intensity of 
autofluorescence caused by each laser, and normalised emission spectra were used to 
show at which wavelengths on the spectrum the emission from the sample fluoresced. 
Only spectra from one particular hair is shown, but there was little difference in the 
patterns of emission from different hairs. 
A power of 0.15mW for each laser was chosen to image the hair as this was the power 
of the weakest laser, which was 543nm, at 100% capacity. All other lasers were adjusted 
to emit a power of 0.15mW. The images are representative of the hair samples. 
3.2.2. Dyed/stained hair 
Hair was stained with a variety of dyes, the details of which follow. Hair was soaked in 
0.6mg/ml Nile red in ethanol for 5 min, then washed for 10 min in ethanol prior to 
imaging. For 50µM N-(2-aminohexyl)-5-(dimethylamino)naphthalene-1-sulphonamide 
stained hair, the dye was made up in DMSO. 200µM Rhodamine B chloride was made 
up in 90% ethanol, in which the hair was also washed after staining, as was the 10µM 
R18 stained hair. After hair was stained with 0.01M curcumin in ethanol, it was washed 
in water before imaging. Hair stained with H&E was done following the standard H&E 
staining procedure. Hair stained with 0.1M fluorescein in water was water washed 
before imaging. Finally, Oil Red O in 100% isopropanol was incubated with hair, and then 
the hair was washed in the same solvent. 10µM AlexaFluor 633 C5 maleimide in DMSO 
was incubated with hair overnight in the fridge in the dark (n=11). 
3.2.3. Melanin-like particles study 
Six different hair colours were studied with all hair from blended hair swatches, except 
for the ginger and darker ginger/brown hair which was collected from two individuals, 
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 with the samples split evenly for ginger and darker ginger/brown. The hair colours were 
black (n=3), brown (n=3), blond (n=3), ginger (n=6), darker ginger/brown (n=4), pale 
yellow/white old-age (n=5). The melanin-like particles were imaged at the upper cortex 
for the clear resolution of that depth, and densities of the particles were used to account 
for differences in area between the hairs. 
3.2.4. Measurements along a year of hair growth 
A hair was chosen for these measurements that possessed a cuticle and organelle 
remnants. Measurements were taken from the root to the tip direction, although it is 
unknown exactly where along the donor’s hair the 12cm length was taken from, and 
which specific months of growth this corresponds to. The 12 individual “months” were 
separated from the hair using a ruler and a razor blade to measure and cut 1cm of hair 
corresponding to each month of hair growth. In total, there were 17512 cuticle cells 
measured for their length, 1795 circular organelle remnant areas measured, and 1425 
cortical cells and corresponding organelle remnant areas measured using ImageJ. The 
cuticle cells were measured along the centre of the hair, and the cortical cells and their 
organelle remnants were measured at the upper cortex where they are clearest. 
3.2.5. Uncharacterised hair and skin disorder 
Samples were provided from close to the root of the hair. For confocal imaging of the 
hair longitudinally, 5 hairs were imaged from each donor – the patient and his parents. 
For confocal imaging of the hair transversely, 6 hairs were imaged from each donor. To 
assess the presence of lipid on the hair, the hairs were stained in 0.6mg/ml Nile red for 
5 min, then washed in 100% ethanol. Three hairs from each of the donors was imaged 
using TEM.
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 3.3. Results 
3.3.1. Structures in the hair can be resolved utilising label-free autofluorescence 
3.3.1.1. Emission spectra validate 405nm as the optimum excitation wavelength 
Spectral scans were carried out on the hair to find out which wavelengths caused the 
greatest autofluorescent response from the hair, and the differences between the 
cuticle and the cortex. Non-normalised spectra show the intensity of autofluorescence 
induced by each laser, and normalised spectra allow the shape and position of the 
smaller emission peaks to be viewed in more detail. 
The non-normalised emission spectra show the intensity of autofluorescence after 
excitation of the cuticle and cortex with a range of lasers at mid-power from 405nm to 
633nm. The lasers were used at mid-power for practicality when imaging. All 
wavelengths caused excitation of the fluorophores in the hair, although 633nm 
excitation caused a higher intensity of emission in the cuticle (fig. 3.1A) than the cortex 
(fig. 3.1B). The 405nm excitation caused the largest emission of photons from the hair 
at a 30% laser power, and excited many of the cellular structures found in the hair (fig. 
3.2A), so was chosen as the main excitation wavelength for autofluorescent imaging of 
hair. The gap in the 405nm emission peak was due to a faulty notch filter in the 
equipment set up at the time of study. 
The normalised emission spectra show the intensity of the fluorescence from the cuticle 
and cortex from excitation with wavelengths from 405nm to 633nm. The normalised 
spectra are useful as they show the effect of each laser individually, even if it only caused 
a small amount of autofluorescence as shown by the non-normalised spectra. The 
spectra were converted by the LAS AF Lite software by taking the largest intensity value 
for each wavelength and re-scaling with the largest intensity as 1. The main difference 
between the cuticle and cortex is that 543nm excitation caused emission of photons at 
a slightly longer wavelength in the cuticle (fig. 3.1C) than the cortex (fig. 3.1D). 
Figure 3.2A shows the autofluorescent cuticle and cortex from excitation with 0.15mW 
power of 405nm to 633nm wavelengths. This power was chosen because this was the 
highest power of the weakest laser, 543nm. The range of wavelengths being detected 
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 was equal to the wavelength of the laser plus 10nm, up to 800nm. Wavelengths 405nm 
to 543nm caused autofluorescence of the whole of the cuticle and cortex, with the 
overlap between 405nm and 543nm in particular inducing autofluorescence of spindle-
shaped outlines within which were streaks. These could be the cortical CMC and 
organelle remnants respectively, which are examined in more detail below. The 594nm 
and 633nm excitation mainly excited the free edge of the cuticle cells. The graph of the 
intensity of the fluorescence (fig. 3.2B) showed the cortex is more autofluorescent than 
the cuticle although they respond similarly to the different excitation wavelengths. The 
composite image (fig. 3.2C) showed how the excitation wavelengths can be used to 
excite different structures at various depths in the hair. The 405nm excitation showed 
clarity of the cuticle and cortex, whereas 543nm excited the organelle remnants in the 
deeper cortex, and 633nm excitation was used to only excite the cuticle when the optical 
section was focussed deeper into the hair, and so 633nm can be used to selectively 
highlight and investigate cuticle structures. 
To image hair autofluorescence with an UV excitation source below 405nm, a 355nm 
laser was used. However, this wavelength did not appear to excite any different 
structures in the hair compared with the 405nm laser excitation (data not shown). 
3.3.1.2. Dyes validate autofluorescence 
Several lipophilic histological dyes were tested to validate the structures resolved with 
autofluorescence and to see if any more structures could be stained, as the hair contains 
many lipids (Wertz and Downing, 1988; Masukawa et al., 2005a,b), or if label-free 
imaging can be used equally well to visualise structures both in the cuticle and in the 
cortex. Figure 3.3A showed the label-free 405nm excited autofluorescent cuticle, and 
compared to the 0.6mg/ml Nile red stained cuticle (fig. 3.3B), gave full view of the 
cuticle, whereas Nile red stained the area of the cuticle cells towards the free edge. Nile 
red is used to stain neutral lipids (e.g. cholesterol, cholesterol esters, triacylglycerols), 
phospholipids, sphingolipids, and fatty acids (Fowler et al., 1987). In the past it has been 
used as a stain for covalently cross-linked lipids on the surfaces of mature cornified 
envelopes in the epidermis (Sevilla et al., 2007). Figures 3.3D and 3.3E also showed 
staining more specifically on the free edge of the cuticle cells and punctate staining on 
the cuticle surface, where hairs have been stained with 200µM rhodamine B chloride 
stains and 10µM R18 respectively. N-(2-aminohexyl)-5-(dimethylamino)naphthalene-1-
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 sulphonamide (fig. 3.3C), curcumin (fig. 3.3F), and fluorescein (fig. 3.3H) also stain the 
cuticle, and H&E stained the free edge of the cuticle cells as seen at an optical slice within 
the hair (fig. 3.3G). Oil Red O is often used to stain storage lipids in adipocytes, but also 
stains neutral lipids although not biological membranes (Ramirez-Zacarias et al., 1992; 
Mehlem, et al., 2013). Here, Oil Red O was able to show lipids were present in the cortex 
of a sectioned hair (fig. 3.3I). 
Transverse optical sectioning was developed to provide a novel perspective of the hair 
whilst using confocal microscopy. It allowed the individual cuticle cells to be 
distinguished, unlike in longitudinal imaging, and the whole of a cross-section of hair to 
be imaged at once without fluorescence being quenched by melanin granules as it is in 
longitudinal imaging. In addition to use with longitudinal imaging, transverse imaging 
allowed a fuller understanding of the structures of the hair. Using transverse optical 
sectioning to image 0.6mg/ml Nile red stained hair (fig. 3.4), Nile red stained the lipids 
present in the cuticle, CMC and vesicles (fig 3.4A,B). However, the same could be 
resolved without any dyes by using autofluorescence excited by the 405nm laser (fig. 
3.4C,D). 
In conclusion, label-free autofluorescence provides a similar level of visual information 
as dyes, and dyes cannot penetrate far past the cuticle into the hair. Dyes may also give 
rise to artefacts, which imaging using only autofluorescence avoids. Therefore, dyes 
were simply useful to validate the structures resolved using autofluorescence. 
3.3.2. The cuticle 
After the optimal label-free conditions were established, a detailed study of the 
structures that can be resolved was carried out. Firstly, cuticle structures were 
investigated using light microscopy including confocal, TIRF, and super resolution 
microscopy. SEM was used to confirm structures resolved by light microscopy on the 
cuticle surface. 
3.3.2.1. The exocuticle is autofluorescent after 405nm excitation, but the endocuticle is not 
By sectioning the hair transversely, TEM was able to resolve the cuticle cells (fig. 3.5A) 
and their sublamellar structure (fig. 3.5B), consisting of the darkly stained endocuticle, 
the lighter stained exocuticle, the lightest stained A-layer, and the CMC between the 
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 cuticle cells. To understand the behaviour of the cuticle cell sublamellar structure under 
405nm excitation, super resolution microscopy was used, as it has a 2x greater 
resolution than standard confocal microscopy. This required adapting the transverse 
imaging method by replacing the bottom glass coverslip with a glass bottomed well as 
required by the equipment set-up. Remarkably, super resolution microscopy using 3D 
structured illumination reconstruction was able to achieve resolution of the exocuticle 
and endocuticle utilising autofluorescence. The exocuticle was found to be 
autofluorescent after 405nm excitation, whereas the endocuticle was not (fig. 3.6). This 
was concluded as both a light band and a dark band together (double headed arrow) 
gave a width of approximately 500nm, which is the width of a cuticle cell, and the 
exocuticle is approximately 250nm in width, although the endocuticle can vary more in 
width (fig. 3.5B). Further to this, the innermost band appears to be dark, and the 
endocuticle would be innermost and closest to the cortex, whereas the outermost band 
appears light, and the exocuticle is closest to the air. Imaging of longitudinal sections 
was possible and gave a slightly higher resolution of the cortex (data not shown), but no 
new insights were made. 
3.3.2.2. The cuticle can be sufficient to halt the penetration of light 
Most of the experiments were carried out on scalp hair, through which the confocal 
microscope lasers were able to penetrate approximately half way, depending upon hair 
thickness and colour. The image also became blurry deeper into the hair when the 
returning light was unable to reach the detector without significant refraction or 
scattering. When experiments were carried out on beard hair, longitudinal imaging of 
the cortex was not possible (fig. 3.7B), as the extra cuticle cells of the beard hair 
absorbed the light (fig. 3.7A). Once the cuticle cells were removed, resolution of the 
cortex was possible (fig. 3.7C). This shows that with enough cuticle cell layers, typically 
9 or more such as those found in beard hairs, the penetration of light into the cortex can 
mostly be blocked. So label-free visualisation of the cortex in intact hair is possible in 
scalp hair, but not in the thicker beard hair. 
3.3.2.3. The cuticle cells beneath the skin surface curl upon plucking 
Hair was plucked to investigate whether through label-free imaging it would be possible 
to see a difference between hair which has been above the skin and exposed to the 
ambient environment, and hair which has been below the skin interface and protected 
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 by the hair follicle. Interestingly, when hair was plucked, there were thick 
autofluorescent bands around the outside of the root of the hair (fig. 3.7H). Using FeSEM 
the area below the skin interface was imaged (fig. 3.7D), and found the area where the 
cuticle starts, before which there is only cortex (fig. 3.7E,F). On the hair which had been 
beneath the skin there were the bands across the cuticle (fig. 3.7E), which at higher 
magnification were seen to be cuticle cells curled up in the direction the hair had been 
plucked (fig. 3.7G). 
3.3.2.4. Cracks on the cuticle surface 
TIRF allows the top 200nm of the cuticle to be imaged, which is useful for isolating the 
top cuticle cell for imaging. As seen in figure 3.8A, the free edges of the cuticle cells are 
stained with R18. The use of TIRF did not result in any more data than other confocal 
techniques. To get a higher resolution of the cuticle surface, FeSEM was used (fig. 3.8B), 
and showed where the exocuticle had been degraded away through everyday wear and 
tear to leave the endocuticle exposed (fig. 3.8C). Using a magnification of x150k, it was 
possible to resolve cracks on the surface of the cuticle (fig. 3.8D). This could be useful 
for industrial hair scientists to measure wear and tear, and possibly investigate the 
cracks as penetration pathways for chemicals. 
3.3.3. The cortex 
After examining the cuticle, an investigation was carried out into the next main section 
of the hair, the cortex. Firstly, a comparison was made between structures resolved 
using 405nm induced autofluorescence and Nile red stained hair. Nile red was able to 
penetrate to the outer cortex and stain the CMC of the cortical cells (fig. 3.9A). However, 
compared to 405nm induced autofluorescence of the same hair (fig. 3.9B), the dye does 
not add much more information other than highlighting the cortical CMC, as 
autofluorescence reveals the rest of the hair, including some melanin granules. Based 
upon the distribution of the melanin granules, the cortical cells can still be distinguished. 
Using FeSEM, these spindle shaped cortical cells can be seen when the hair is sliced open 
(fig. 3.9C,D). A TEM image of a transverse section through the cortex shows the CMC 
(fig. 3.9E) around a cortical cell, and the keratin macrofibrils within. 
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 3.3.3.1. Organelle remnants are present in the cortex 
Previous literature had identified structures within cortical cells, some papers of which 
call them nuclear remnants (Fischer et al., 2011; Szabo et al., 2012; Kelch et al., 2000), 
and others cytoplasmic remnants (Harland et al., 2011). Here, to encompass both 
possibilities, they are called organelle remnants. Organelle remnants were resolved 
within cortical cells throughout the cortex of some hairs, with one remnant per cortical 
cell, as defined by the CMC. These were resolved as more fluorescent areas than the 
surrounding area, and were more circular in shape in the cuticle, and more streak-like 
in shape towards the centre of the cortex, as shown in the diagonal optical section in 
figure 3.10A. Maleimide conjugated to 633nm AlexaFluor stains thiol groups (Taneda et 
al., 1980), which was used for an experiment in chapter 5 to stain the area which 
thioglycolate had attacked. Coincidently it was found to particularly stain the organelle 
remnants in the untreated hair (fig. 3.10B). The 405nm induced autofluorescence does 
not excite the Maleimide stain, and shows the hair as it is naturally (fig. 3.10C). In 
another hair, 543nm excitation can be used to show the organelle remnants using 
autofluorescence (fig. 3.10D), but 633nm excitation of the same hair does not excite the 
organelle remnants (fig. 3.10E). 
Transverse TEM sections (fig. 3.11A) showed that organelle remnants are varied in shape 
(fig. 3.11B). Magnification by x30k of these remnants revealed that they are surrounded 
by keratin macrofibrils and are located towards the centre of the cortical cells (fig. 
3.11C). Some of these remnants are encased by a double membrane, reminiscent of the 
nucleus or mitochondria or perhaps of the CMC, with lightly and darkly stained areas 
within (fig. 3.11D). Finally, some remnants also contain melanin granules (fig. 3.11E). 
Attempts to stain the DNA with Hoechst33258 or the nuclear envelope with a lamin A/C 
antibody were unsuccessful in visualising any organelle remnants (data not shown). 
3.3.3.2. Two types of melanin-like particles are present at different proportions in various 
hair colours 
The presence of melanin-like particles in previous images led the investigation on to 
examining these more closely. This was done using different hair colours as they are 
known to have differing amounts of eumelanin and pheomelanin present in them, and 
could therefore be compared (Ito and Wakamatsu, 2011). Comparisons were made 
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 using two lasers. Firstly, 405nm induced autofluorescence was used as black voids had 
been observed with that excitation wavelength in previous images. The second was 
reflection of the 633nm wavelength, as hair that was examined in the early stages of the 
study showed reflective particles in the cortex of the hair, and a previous study using 
optical coherence tomography which uses reflection showed similar images and named 
the particles as melanin (Choi et al., 2012). 
Figure 3.12A shows confocal microscopy of longitudinal sections of hair at the upper 
cortex of various hair colours, displaying 405nm excited autofluorescence and reflection 
of the 633nm wavelength. Pale yellow/white hair shows no black or dark areas of voids 
where 405nm laser induced autofluorescence is absent. There are very few reflectant 
particles of this hair colour reflecting the 633nm wavelength. Dark ginger/brown hair 
had more black voids absorbing the 405nm, and more 633nm reflectant particles. Ginger 
hair again had few black voids absorbing the 405nm, and fewer 633nm reflectant 
particles than the darker ginger hair, but more than the white hair. The blond hair was 
similar to the dark ginger/brown hair in appearance, although had slightly more 405nm 
absorbing black voids and 633nm reflectant particles. The brown and black hair both 
had more numerous black voids absorbing the 405nm wavelength, and more 633nm 
reflectant particles than the other hair types. 
The cuticle is also reflective, though not from the melanin granules, and just beneath it 
the 633nm reflectant particles can be imaged in the shape of a cortical cell (fig. 3.12B). 
To test whether the reflectant particles could be melanin, synthetic black/brown 
melanin was put under the microscope and was also found to reflect the 633nm 
wavelength (fig. 3.12C), confirming that at least some of the reflectant particles could 
be black/brown melanin (eumelanin). In addition, these melanin-like particles can be 
traced back to the plucked hair bulb where they absorb the 405nm wavelength (fig. 
3.12D) and reflect 633nm (fig. 3.12E). Interesting autofluorescent swirls and waves in 
the hair shaft plucked from within the follicle can also be resolved in figure 3.12D, which 
could be from ongoing cortical keratinisation in the formation of the hair shaft. 
It was found that the melanin-like black voids which absorb the 405nm wavelength also 
reflect the 633nm wavelength. Figure 3.12F shows a blond European hair imaged with 
the 633nm wavelength and detecting the reflection, with some of the reflectant 
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 particles circled. Figure 3.12G shows the same area with 405nm excited 
autofluorescence. Black voids where only the 405nm wavelength is absorbed are visible, 
and the areas where there were 633nm reflectant particles in the previous image are 
circled, but contain no black voids. In figure 3.12H and zoomed in figure 3.12I these two 
images are merged. The particles appear to be similar sizes. These results showed that 
all the particles that absorb the 405nm wavelength reflect the 633nm wavelength, but 
not all particles that reflect the 633nm wavelength absorb the 405nm wavelength. The 
optical properties of the particles are summarised in table 3.1. This suggests that there 
are two types of melanin-like particle present in the hair. 
Optical property 405nm absorbing particle 405nm non-absorbing 
particle 
405nm absorbance Yes No 
405nm autofluorescence No Yes 
633nm reflection Yes Yes 
Table 3.1. Summary of the optical properties of the two particles. NB. Under a 405nm 
laser the 405nm absorbing particle appears as a black void and the 405nm non-
absorbing particle cannot be distinguished from the background fluorescence. 
The number of 633nm wavelength reflecting particles and the number of 405nm 
wavelength absorbing particles were counted for black, brown, blond, ginger, darker 
ginger/brown, and pale yellow/white old-hair hair (fig. 3.13C). Since there are two types 
of these melanin-like particles, the number of 405nm non-absorbing particles was 
calculated by subtracting the number of 405nm absorbing particles from the number of 
633nm reflecting particles, as all the melanin-like particles reflect 633nm. These were 
then plotted as densities in figure 3.13A. There appears to be grouping within the 
various hair colours. Black and brown hair have similar densities of 405nm absorbing 
and non-absorbing particles, and ginger and darker ginger/brown hair also have similar 
densities of particles to each other. Blond hair had a higher density of 405nm non-
absorbing particles than the other hair colours, but also had a higher density of 405nm 
absorbing particles than the ginger, darker ginger/brown, and pale yellow/white old-age 
hair. The pale yellow/white old-age hair did not contain 405nm absorbing particles, and 
had the lowest density of 405nm non-absorbing particles. 
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 The following graph, figure 3.13B, shows the proportions of the two different categories 
of melanin-like particles in the various hair colours. There appears to be a significant 
difference between the all of the hair colours, except between black and brown hair, 
blond and the shades of ginger, and between the shades of ginger themselves 
(p=1.21x10-3, Kruskal-Wallis test). Black and brown hair have the lowest proportion of 
405nm non-absorbing to absorbing particle density. Blond, ginger and darker 
ginger/brown hair have a slightly higher proportion of 405nm non-absorbing to 
absorbing particles, although the ginger hair proportions are significantly different to 
the blond proportions, as ginger hair has a higher proportion of 405nm non-absorbing 
to absorbing particles. Finally, the pale yellow/white old-age hair has the highest 
proportion of 405nm non-absorbing to absorbing particles. This shows the proportions 
of the two different categories of melanin-like particles are different in various hair 
colours. 
3.3.4. The medulla is reflective and its autofluorescence intensity is variable 
Finally, after investigating the cuticle and cortex, the medulla is reached, which runs 
through the centre of some hairs. Figure 3.14A shows a TEM image of a transverse 
section through a scalp hair with a medulla, zooming into figure 3.14B to show the 
medulla more clearly. The medulla is made up of many air spaces with a CMC 
surrounding the cells (fig. 3.14C), making the medulla appear as quite a disorganised 
collection of keratin-containing cells. Figure 3.14D shows the boundary between the 
medulla and the cortex. Using TEM the cells of the medulla appear more darkly stained 
than those of the cortex, and the medulla and cortex appear to be separated by a CMC. 
Figure 3.14E shows a SEM image of the medulla in a sliced open hair, with the higher 
magnification image (fig. 3.14F) showing the disorganised nature of the cells with plenty 
of air spaces. 
Figure 3.14G shows the formation of the medulla within the developing hair, and figure 
3.14H shows the fully developed medulla with cells creating a web-like structure 
amongst the air spaces. In addition to melanin, the medulla is also reflective (fig. 3.14I), 
and appears differently to the structures resolved utilising autofluorescence and SEM, 
as the reflective medulla appears as though it is made up of bundles, whereas using 
autofluorescence and SEM the medulla appears filamentous. Although only some 
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 terminal hairs contain a medulla, beard hairs are thicker than scalp hairs and often 
possess a medulla, sometimes containing more than one, such as in figure 3.14J. 
The autofluorescence intensity of the medulla varies between hairs. Figure 3.14K shows 
a high intensity autofluorescent medulla, whereas figure 3.14L shows a lower intensity 
autofluorescent medulla. Both contain empty air spaces and cells, but the cells of one 
medulla are much more autofluorescent than those of another medulla. The cortex 
surrounding the medulla can also sometimes appear more autofluorescent. 
3.3.5. Measurements along a year of hair growth 
Measurements were taken of exposed cuticle cell lengths, organelle remnants found 
both in the cuticle and cortex, and cortical cells along 12cm of hair. This approximately 
corresponds to a year of hair growth, with a month equalling approximately 1cm along 
the hair (Bost, 1993; Wennig, 2000; LeBeau et al., 2011). This was done for three 
purposes, firstly for biological interest to see whether there were any changes along the 
hair length, secondly to see whether it would matter that the samples taken throughout 
this study were taken from random lengths of hair, and thirdly to test how the label-free 
imaging method could be used to get high throughput measurements out of hair. 
3.3.5.1. Exposed cuticle cell organisation 
The exposed cuticle cell length varied between 0.9µm and 26.6µm, averaging at 7.2µm 
(fig. 3.15A). Often, after a cuticle cell had a small length, the next cuticle cell would have 
a large length, perhaps due to the cuticle cell above it being worn away. 
The box and whisker plot (fig. 3.15B) shows there is greater variation in the lengths of 
the largest quartile of cuticle cells in each 1cm segment compared to the smallest 
quartile of lengths, as the minimum length stays relatively constant. Interestingly there 
also appears to be a 3-4cm segment repeating pattern to the largest quartile of cuticle 
cell lengths, as there is a decrease along the hair length from the 1cm segment (19.0µm) 
to the 2cm segment (17.7µm), then an increase in lengths up until the 5cm segment 
(26.6µm), then the 6cm segment (21.9µm) is the same as the 3cm segment, which then 
increases to the 8cm segment (28.2µm). There is then a decrease down to the 9cm 
segment (18.9µm) which has a similar largest quartile to the 1cm segment, which then 
increases to the 11cm segment (24.0µm), followed by a slight decrease in length for the 
12cm segment (23.6µm).  131 
 Figure 3.15C shows the average length of the exposed cuticle cells does not vary much, 
particularly after the first 6cm segments, though there is an increase between segments 
1cm and 2cm to the 3cm segment, and also between the 4cm and 6cm segments 
compared to the larger average lengths recorded in the 5cm segment. From the 6cm 
segment onwards there is little difference between the average cuticle cell lengths. 
3.3.5.2. Circular organelle remnant area 
Circular organelle remnants were measured because in addition to cuticle cells, cortical 
cells and cortical organelle remnants they are one of the most autofluorescent 
structures in the hair. It would be biologically interesting to see if there is a correlation 
to their area and numbers along the hair. Figure 3.16D shows the circular organelle 
remnants which are found in the cuticle. The circular organelle remnant area varied 
continuously over 12cm of hair between 11µm2 and 103µm2, averaging at 47µm2 (fig. 
3.16A). 
The box and whisker plot (fig. 3.16B) shows the upper quartile increases from the 1cm 
segment (80µm2) to the 2cm segment (103µm2), then decreases until the 8cm segment 
(68µm2), at which point it increases until the 10cm segment (83µm2), with a decrease at 
the 11cm segment (72µm2), increasing back up to the previous area for the 12cm 
segment. The lower quartile of circular organelle remnant area shows less of a pattern 
and do not correlate with the upper quartile trend. The lower quartiles increase from 
the 1cm segment (13µm2) to the 2cm segment (22µm2), decrease slightly to the 3cm 
segment (19µm2), then increase until the 5cm segment (32µm2), then decrease to the 
7cm segment (14µm2), increase to the 8cm segment (28µm2), then decrease to the 10cm 
segment (11µm2), then increase to the 11cm segment (23µm2) then decrease to the 
12cm segment (13µm2). 
Figure 3.16C shows the average area of the circular organelle remnants does vary, as 
there is an increase in area from the 1cm segment to the 3cm segment, then a decrease 
in the areas recorded in the 4cm segment, there is then an increase in the 5cm segment. 
From the 5cm segment onwards the average area decreases until the 10cm segment, 
then increases slightly for the 11cm and 12cm segments. This appears to show an annual 
pattern to the circular organelle remnant area. There is a similar pattern seen in the 
average cuticle cell lengths.  
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 Finally, the number of remnants varied along the 12cm length of the hair (fig. 3.16E). 
The number of circular organelle remnants is an approximate indicator of the frequency 
of the remnants per centimetre of hair. Segments 1cm-4cm had between 238 and 277 
remnants each, however the number recorded in the 5cm segment decreased to 183, 
which continued decreasing down to 23 in the 8cm segment. The number then 
increased up to 101 in the 12cm segment, with the exception of finding 152 in the 10cm 
segment. There does not appear to be any co-correlation between the number of 
remnants and remnant size. Therefore, there may be an annual pattern or a correlation 
with the distance along the hair with the number of circular organelle remnants, perhaps 
related to wear and erosion of the cuticle cell layers. 
3.3.5.3. Cortical organelle remnant area 
Figure 3.17D shows the cortical organelle remnants which are streak-like in shape and 
found within the cortical cells. The cortical organelle remnant area varied continuously 
over 12cm of hair between 2µm2 and 59µm2, averaging at 18µm2 (fig. 3.17A). 
The box and whisker plot (fig. 3.17B) shows the range of areas recorded in each segment 
increased from the 4cm segment onwards. The lower quartiles show the minimum areas 
recorded in each segment remained relatively steady from the 1cm-5cm segments, then 
increased from the 6cm segment onwards. The upper quartiles showed a similar trend 
to the average areas in figure 3.17C. 
Figure 3.17C shows the average area of the cortical organelle remnants does vary. 
Segments 1cm and 2cm average at 11µm2 and 10µm2 respectively, after this there is an 
increase between every 1cm segment which peaks at the 6cm segment (23µm2) and has 
a large average cortical organelle remnant area along with the 7cm segment (24µm2). 
From here there is a decrease in the average area compared to the 8cm segment 
(20µm2), segments 9cm and 10cm are not different in their average areas, however 
there is then an increase in area in the 11cm segment (25µm2), which is similar to the 
12cm segment. This appears to show a pattern for the cortical organelle remnants in 
which the area increases, then decreases and increases again over the course of a year. 
3.3.5.4. Cortical cell area 
The cortical cell area varied continuously over 12cm of hair between 32µm2 and 650µm2, 
averaging at 285µm2 (fig. 3.18A). 
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 The box and whisker plot (fig. 3.18B) shows that there is a larger range of areas recorded 
in segments 1cm-4cm than in segments 5cm-12cm. With the decrease in the range of 
cell areas comes an increase in the lower quartile of areas. 
Figure 3.18C shows the average area of the cortical cells does vary in the first 7cm 
segments. Up to the 4cm segment, the average cell area increases in each segment from 
210µm2 to 327µm2. The 5cm segment (301µm2) is then on a similar level to the 3cm 
segment (294µm2), and the 6cm segment (321µm2) is on a similar level to the 4cm 
segment (327µm2). The cell areas measured from the 7cm segment (284µm2) are 
smaller than those of the 6cm segment, but from segments 7cm to 12cm there are no 
changes to the cell areas. This appears to show that the cortical cell size initially 
increases, then decreases and settles over the course of a year. This may be related to 
seasonal hair growth (Randall and Botchkareva, 2009). 
The linear regression analysis (table 3.2) obtained from figure 3.18D shows there is a 
positive correlation between cortical organelle remnant area and the corresponding 
cortical cell area. The earlier segments have larger corresponding cortical cell areas to 
the cortical organelle remnant areas than the latter segments, which tend to have larger 
remnant areas, though there is much overlap. The gradient of the linear lines indicates 
that on average there is a stronger positive correlation between remnant and cell area 
for segments 1cm-4cm, and a weaker positive correlation for segments 5cm-12cm (table 
3.2). The strongest positive correlation was in the 1cm and 2cm segments, and the 
weakest in the 3cm and 11cm segments (table 3.2). However, the R2 values for the linear 
regression lines are low, indicating the diffuse distribution of the data (table 3.2). 
Segment (cm) Line equation R2 value 
1 y = 6.7268x + 138.8 0.1926 
2 y = 6.7643x + 193.47 0.153 
3 y = 2.0731x + 267.58 0.0232 
4 y = 4.5215x + 257.94 0.1254 
5 y = 3.8182x + 227.98 0.1526 
6 y = 4.4622x + 216.29 0.3236 
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 7 y = 3.7296x + 194.54 0.1586 
8 y = 4.0337x + 223.14 0.208 
9 y = 4.0523x + 200.19 0.1773 
10 y = 3.2407x + 218.02 0.1145 
11 y = 2.961x + 227.75 0.1497 
12 y = 3.4465x + 210.55 0.2425 
Table 3.2. Linear regression analysis of the correlation between cortical organelle 
remnant area and the cortical cell area. Based on the data shown in figure 3.18D. 
3.3.6. Uncharacterised hair and skin disorder 
Through a collaboration with Queen Mary University of London, samples were obtained 
from a patient who presented with an uncharacterised hair and skin disorder. Confocal 
microscopy of the hair longitudinally showed detached material around the outside of 
the cuticle (fig. 3.19A,B,C). Although 1 in 5 hairs appeared normal (fig. 3.19D), the 
affected area may simply have been outside of the field of view. 
The patient’s hair appeared greasy and stuck to other hairs in the sample batch, unlike 
the unaffected parent’s hairs. Transverse optical sections of Nile red stained hair showed 
a flaky cuticle present on the hairs, raised, but still joined to the rest of the cuticle (fig. 
3.20A). Of the hairs imaged, 5/6 of the patient’s hairs had strong Nile red staining (fig. 
3.20B), and 4/10 of the unaffected parent’s hairs showed strong Nile red staining (fig. 
3.20C,D). This shows that the patient’s hair may contain more lipids than the unaffected 
parents’ hairs, and the lipid is present internally in the hair as well as externally. 
To gain a higher resolution of the flaky cuticle, the hairs were imaged transversely using 
TEM. Figure 3.21A shows a normal hair from the patient which displays the usual cuticle 
cell sublamellar structures, as do hairs from the patient’s unaffected parents (fig. 
3.21E,F). Figure 3.21B shows the flaky cuticle or deposit on the outside of the cuticle, 
with which it appears to be continuous. This deposit appears to be membrane-bound 
(fig. 3.21C) with a structure similar in appearance to the CMC. Within the cuticle cells of 
the patient’s hair, there also appeared to be poorly defined CMC as well as normal CMC 
(fig. 3.21D). 
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 3.4. Discussion 
3.4.1. Structures in the hair can be resolved utilising label-free autofluorescence 
All of the 9 wavelengths, ranging from 405nm to 633nm, caused autofluorescence from 
excitation of the fluorophores in the hair. There were some wavelengths that caused 
more autofluorescence than others, such as 633nm primarily exciting the cuticle and not 
the cortex, which is useful for selective visualisation of this structure. No other studies 
appear to have imaged the autofluorescent cuticle selectively using 633nm excitation. 
On the whole, wavelengths 405nm to 543nm caused autofluorescence of the whole of 
the cuticle and cortex, and 594nm and 633nm excitation mainly excited the free edge of 
the cuticle cells. The cortex was found to be more autofluorescent than the cuticle, and 
it was concluded that the optimum excitation wavelength was 405nm. Previous studies 
have utilised hair autofluorescence (Liang et al., 2006; Kirkbride and Tridico, 2010). Liang 
et al. imaged hair from trichothiodystrophy patients finding structural breaks in the hair 
and a “smoother” cortex which they believed to be due to changes in melanin 
distribution. However, the resolution of the images was limited and 405nm was not 
utilised (Liang et al., 2006). Kirkbride and Tridico studied human hairs as well as animal 
hairs and textile fibres. They did use 405nm excitation and also found that it was the 
optimum excitation wavelength for human hair fibres, however they did not optimise 
their techniques and little detail can be observed in their images (Kirkbride and Tridico, 
2010). The transverse optical sectioning method developed in this project and 
improvements in imaging systems mean that this project has achieved hair images of a 
higher quality than previously seen in the literature. 
The emission spectra for the cuticle and cortex may be different due to their constituent 
fluorophores. There may be different fluorophores in the cuticle compared to the 
cortex, or they may have similar fluorophores, but present in different amounts. Some 
of these fluorophores may be the oxidised metabolites of tryptophan, namely N-
formylkynurenine, kynurenine and 3-hydroxykynurenine, as well as melanin, lipo-
pigments, keratin and cystine, which are all excited by UV provided by the 405nm 
wavelength and emit within the detectable range of 400-800nm (Hameka et al., 1998; 
Elleder and Borovansky, 2001; Lakowicz, 2006; Ehlers et al., 2007; Jachowicz and 
McMullen, 2011). 
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 Dyes were used to validate the structures resolved using autofluorescence. As dyes and 
sample preparation can cause artefacts in the hair, dyes and non-confocal microscopy 
techniques were used secondary to label-free imaging and only in order to highlight or 
clarify structures. Without sectioning, the dyes could not penetrate past the cuticle of 
the hair, with the exception of Nile red which also stained the outer cortical cells. 
Interestingly, some of the dyes tested only stained the free edge of the cuticle cells, 
namely Nile red, rhodamine B chloride, R18, and H&E staining. These dyes all stain lipids, 
except H&E which may be staining proteinaceous eosinophilic and calcified material in 
the cuticle (Kizawa et al., 2002). These dyes are likely to be staining the free edge of the 
cuticle cells because of the exposed transverse section through the cell exhibiting many 
lipids and proteins. The stained puncte are likely to be damaged areas of the cuticle cell 
surface, exposing the various sublamellar structures within. 
3.4.2. The cuticle 
Using FeSEM it was possible to resolve areas on cuticle cells where the exocuticle had 
been worn away, leaving the endocuticle exposed. Using a magnification of x150k, 
cracks were resolved on the cuticle surface, which have not been reported in previous 
studies. This would be useful for assessing wear on the samples. These cracks were seen 
on all hairs, and may be caused by everyday wear and tear of the hair, or they may be 
artefacts caused by the sample preparation required for FeSEM imaging. 
Using the novel method for the transverse imaging of hair along with label-free super-
resolution microscopy, which is faster and more convenient than electron microscopy 
with sufficiently high resolution for most purposes, the exocuticle and the endocuticle 
within each cuticle cell could be distinguished as the exocuticle was autofluorescent and 
the endocuticle was not. This could be because of the high level of cystine content 
(about 20%) and crosslinking in the exocuticle, whereas the endocuticle is almost devoid 
of cystine and crosslinking (Swift, 1999). Cystine is excited by 405nm light and emits at 
700nm (Hameka et al., 1998), within the detectable range of the super-resolution 
microscope, and is the likely cause of the autofluorescence of the exocuticle. 
With sufficient cell layers, the cuticle was found to halt the penetration of light into the 
cortex. This is useful as more cuticle cell layers means the hair is less likely to become 
photodamaged, which results in photo-yellowing, lipid and protein degradation 
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 (Millington, 2006; Hoting, 1996; Fernandez, 2011). This shows it is important to maintain 
the cuticle to prevent the loss of cell layers. 
When hair was plucked it caused the upper cuticle cell layer on the hair beneath the skin 
to curl back upon itself. This is caused by the cuticle of the inner root sheath tearing the 
almost differentiated cuticle layers apart, and the curled up cuticle cell keeping its shape 
due to the CMC reconstituting (Chapman, 1997). This is a good marker for visualising 
under the microscope the area of hair which was beneath the skin, but may only be 
applicable for hairs in anagen, as it is the cuticle cells which are not fully differentiated 
that are curled back. 
3.4.3. The cortex 
3.4.3.1. Organelle remnants are present in the cortex 
Organelle remnants were mostly found within the cortex of some hairs. They were found 
to be more fluorescent than the surrounding area, and were more circular in shape in 
the cuticle, and more streak-like in shape with proximity to the centre of the cortex. The 
maleimide stain highlighted them within the cortex, and TEM showed some to be 
encased by a double membrane, and others to contain melanin granules, or have both 
lightly and darkly stained areas. 
The increased fluorescence of the organelle remnants made them easier to identify. 
They may be more autofluorescent due to more fluorophores being present in the 
organelle than in the surrounding cornified cells. The organelle remnants may have been 
circular in the cuticle due to the flattening of the cuticle cells during differentiation. The 
remnants were likely to be rounder in the outer cortex and streak-like deeper into the 
cortex due to the increased pressure exerted on the inner-most part of the hair during 
formation of the hair shaft in the follicle. The streaks are unlikely to be the crystalline α-
helical keratin phase in the hair because if the streak is present, there is only one per 
cell, whereas the α-helical keratins are present throughout the cortical cells. 
The specific identity of organelle remnants has raised disagreements. Some researchers 
believe they are remnants of the nucleus (Swift and Bews, 1976; Swift et al., 2000; Kelch 
et al., 2000; Fischer et al., 2011; Szabo et al., 2012), while others think they are remnants 
of other organelles (Harland et al., 2011). Despite claims to these organelles being 
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 nucleic or otherwise, few papers have offered any evidence. Szabo et al. 2012 used a 
nucleic acid stain, Hoechst33258, to reveal the nuclear remnants in the hair, however 
our replication of this experiment did not highlight nuclear remnants within the hair. In 
addition to this, immunofluorescence against lamin A/C JOL2, which may have been 
present if the nuclear envelope was retained, was not found in any hairs. It may be that 
no nucleic acids or lamin A/C remained in the hair after cornification. On the other hand, 
maleimide stained the remnants in transverse sections of hair. Maleimide stains thiol 
groups, so there may be thiol groups present in the remnants. Thiol groups are present 
in histones, so it could be that the remnants are nucleic, but thiol groups are also 
prevalent in some KIFs and KAPs. In figure 3.16D darker dots were resolved in the 
circular organelle remnants, resembling the DAPI staining of nuclei in other bodily cells. 
In 1981 Kassenbeck found nuclear disks in the endocuticle reminiscent to the circular 
organelle remnants in figure 3.16D, although imaging of the remnants in figure 3.16D 
was done label-free and non-invasively. TEM imaging shows some of these remnants 
are bound by double membranes, which could be the remaining nuclear envelope. They 
also have light and dark staining within them, which could be the euchromatin and 
heterochromatin respectively. However, some remnants contain melanin granules, 
which would not be expected within nuclear remnants. These remnants may be 
melanosomes, as melanosomes are transferred to immature cortical cells (Kinebuchi et 
al., 1971) and not all may be completely degraded. Finally, the organelle remnants are 
not present in all hairs. Nuclear DNA is normally degraded by DNase1L2 during 
cornification, however expression of this enzyme varies between individuals (Fischer et 
al., 2011). This may account for the absence of remnants in some hairs, though another 
enzyme or mechanism would also be required to remove the remnants of the nuclear 
envelope. 
In conclusion, the remnants may be both nucleic and from other organelles, particularly 
melanosomes. It is difficult to distinguish between the two as little work has been done 
on the area. Currently, it would be safest to name these structures as organelle 
remnants, which encompasses both possibilities. 
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 3.4.3.2. There are two types of melanin-like particles present at different proportions in 
various hair colours 
Two types of melanin-like particles were found in the cortex of hair – those that absorb 
405nm radiation and those that fluoresce under it (non-absorbing particles). In general, 
the darker the colour of the hair, the higher the number of 405nm absorbing particles 
were found. Blond and ginger hair colours had more 405nm non-absorbing particles 
than those that absorb 405nm radiation. Pale yellow/white hair from elderly donors had 
very little of both types of particle. The amount and proportions of the two types of 
particle together make up the vast array of hair colours. 
The results suggest that the two types of melanin-like particles may be eumelanin and 
pheomelanin. When various lasers were emitted onto hair, all of the particles reflected 
the light. The reflection was strongest and clearest when a wavelength of 633nm was 
emitted (fig. 3.12F). Synthetic black/brown melanin was found to reflect 633nm, just as 
the eumelanin in the hair was found to be reflective. In future experiments, synthetic 
pheomelanin would also be useful to test the validity of the observations made on the 
405nm non-absorbing particles in the hair. The reflectant particles seen in figure 3.12F 
may be both eumelanin and pheomelanin granules, as there were more granules 
resolved here (see circles in figure 3.12F-H) than there were black voids resolved in 
figure 3.12G. The 405nm absorbing black voids in the 405nm-induced autofluorescence 
image (fig. 3.12G) are thought to be eumelanin as it is known to absorb UV light, unlike 
pheomelanin which photodegrades and produces reactive oxygen species (Brenner and 
Hearing, 2008; Thody et al., 1991). Pheomelanin fluoresces immediately under 405nm 
irradiation, hence is a 405nm non-absorbing particle, but eumelanin only begins to 
fluoresce after 2 hours of irradiation, hence is a 405nm absorbing particle (Elleder and 
Borovansky, 2001). 
Eumelanin gives hair its black/brown colour and pheomelanin is responsible for the 
reddish colour. If eumelanin is the 405nm absorbing particle (shown as black voids in 
405nm autofluorescence images) and pheomelanin is the 405nm non-absorbing particle 
(fluorescent with background structures in autofluorescence images), and both reflect 
633nm, the amounts seen agree with the hair colours shown in figures 3.12A and 3.13. 
Virtually no melanin was resolved in the pale yellow/white old-age hair for both 
autofluorescence and reflection, as the melanocytes in the hair follicles of white hairs 
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 are no longer functional (Tobin, 2009). High levels of pheomelanin were only found in 
ginger/darker ginger coloured hairs to the exclusion of most eumelanin, and in blond 
hairs (Ito et al., 2000; Ito and Wakamutsu, 2003), shown by the lack of black voids in the 
autofluorescence images and particles in the reflection images. Black and brown hairs 
had the most eumelanin and lower amounts of pheomelanin (Ito et al., 2000; Ito and 
Wakamutsu, 2003), shown by the particles in both autofluorescence and reflection 
images. The location of these particles suggests they are melanin granules, as the 
particles gathered in spindle shaped cortical cells, which is where melanosomes are 
transferred during hair growth (Kinebuchi et al., 1971).  
In future experiments correlative light and electron microscopy (CLEM) could be used to 
confirm that all reflective particles in confocal microscopy correspond to melanin 
granules in TEM. In conclusion, it is likely that the particles which absorb the 405nm 
wavelength are eumelanin, and the particles which do not absorb the 405nm 
wavelength are pheomelanin. This method of using the 405nm and 633nm wavelengths 
gives a new way to distinguish between eumelanin and pheomelanin through label-free 
optical sectioning of the hair.  
3.4.4. The medulla is reflective and autofluorescence intensity varies 
The medulla is made up of many keratin bundle-filled cells and air spaces with a CMC 
surrounding those cells. The cells of the medulla were distinguishable from the cortical 
cells as the medullary cells appeared slightly more darkly stained when imaged with 
TEM. This suggests the cells of the medulla are slightly denser than cortical cells, or it 
could be that because the medullary cells have the highest lipid content in the hair 
(Kreplak et al., 2001a), they are being stained by the uranyl acetate in TEM preparation. 
Using confocal microscopy, the medulla was reflective under 633nm and appeared 
differently to the structures resolved utilising 405nm autofluorescence and SEM. The 
reflective medulla looks as if it is made up of bundles of material, whereas the 
autofluorescent medulla appears filamentous as it also does using SEM imaging. In 
addition to the medulla, the hair cuticle is also reflective, though not to the same extent 
as the medulla. This reflectiveness may be caused by lipids, as the cuticle and medulla 
may both contain higher levels of lipid than the cortex, and the medulla may have the 
highest lipid content (Kreplak et al., 2001a). Alternatively, the dramatic refractive index 
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 difference between the medullary CMC and the air could account for the reflection, and 
this would agree with the “bundle” shape of the reflectants. 
The autofluorescence intensity of the medulla was found to vary between hairs. This 
may be down to a higher level of lipids in some medullas than others (Kreplak et al., 
2001a), as some of the lipids may be lipo-pigments. The cortex surrounding the medulla 
can also appear more autofluorescent. This may be because glycine/tyrosine keratin 
associated proteins (KAPs) are present at a higher density towards the centre of the hair, 
which would be around the medulla (Shimomura and Ito, 2005), and tyrosine is 
autofluorescent. 
3.4.5. Measurements along a year of hair growth 
3.4.5.1. Exposed cuticle cell length is an indicator of wear 
The exposed cuticle cell length was measured along 12cm of a Chinese scalp hair. One 
previous study has also measured the length of exposed cuticle cells from Chinese scalp 
hair and found an average length of 7.82µm (Baque et al., 2012), only 0.62µm larger 
than the average of 7.2µm measured here. This small difference may be due to the hair 
of Baque et al. undergoing SEM preparation, the dehydrations of which may have 
affected the proportions of the hair. Additionally, Baque et al. measured along a smaller 
length across several hairs, so the exposed cuticle cell lengths may have varied more, 
since they found that regardless of the origin of the hair, the thicker the hair, the faster 
it grows and the shorter the exposed cuticle cell length. 
Measuring along 12cm of hair, it was often found that after a small exposed cuticle cell, 
the next exposed cuticle cell would be large. This cuticle cell probably appears large 
because the cell above it has been worn away which causes it to appear small. Therefore, 
a pattern of small exposed lengths and large exposed length, rather than cuticle cells 
which are of average length, is an indicator of how worn the hair is. 
There was a 3-4 month pattern to the largest quartile of the cuticle cell lengths (fig. 
3.15B). This may be because the largest cells are growing in a quarterly fashion. Since 
the average size of the cuticle cell was unchanging in the latter 6 months, this may have 
occurred in a period of stable climate and diet, unlike in the first 6 months. 
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 3.4.5.2. Circular organelle remnant number is an indicator of cuticle wear 
The area and number of circular organelle remnants were measured along 12cm of a 
Chinese scalp hair. There appeared to be an annual pattern to the average area of the 
circular organelle remnants, where the size of the remnant increased, decreased and 
increased again over the course of a year, although a longer study would be needed in 
order to confirm this finding. 
The number of circular organelle remnants was found to vary along the hair. Along some 
sections of hair where there were no remnants found, there were very few cuticle cell 
layers before the cortex. It seems likely that a decrease in remnants would be linked to 
a decrease in cuticle cells, resulting in a thinner layer of cuticle cells around the hair. The 
reasoning being that if the remnants are nuclear and situated in the endocuticle, then 
the likelihood of imaging one decreases if there are fewer cuticle cell layers. This effect 
may be more pronounced because not every cuticle cell appeared to have a remnant, 
though they may not have been visible because there are step-size limits in the z-axis 
imaging of the Leica TCS SP5 confocal microscope, here of 0.5µm. The decrease in 
remnant numbers may be correlated to the distance down the hair, as the older the hair 
the higher the chance cell layers of the cuticle have been worn away by daily hair care 
regimes and weathering (Inoue et al., 2000). Although this may generally be true, as 
there were fewer remnants found at the distal part of the hair than at the proximal, 
remnant loss may be exacerbated by a particularly harsh hair care regime or illness 
(Inoue et al., 2000; Fichtel et al., 2007), resulting in fewer cuticle cells, which may have 
been experienced by the hair around months 8 and 9 in figure 3.16E. Another reason for 
the change in remnant numbers could be that there may be seasonal changes to 
DNase1L2, which degrades nuclear material, if indeed the remnants are nuclear. 
However, since remnant number and cuticle thickness appeared to be linked, remnant 
number is a useful indicator of cuticle cell layer thickness, as it is difficult to tell how 
many cuticle cell layers there are if imaging the hair longitudinally. 
3.4.5.3. Biannual pattern in cortical organelle remnant area 
The areas of cortical organelle remnants were measured over 12cm of a Chinese scalp 
hair. The range of areas recorded for each month increased from month 4 onwards. The 
average areas recorded for each month of cortical organelle remnants increased, 
decreased and increased again over the course of a year. A longer study would be 
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 needed to show whether this is a true biannual pattern to the size of the remnants. If 
so, it may be down to seasons, otherwise individual health and nutrition may affect the 
growth of hair and the size of the remnants. Seasonal hair growth is a known 
phenomenon in some animals, and has also been reported in humans (Randall and 
Botchkareva, 2009). The seasonal cycle was an annual pattern with 90% of hairs in 
anagen in the spring falling to 80% in the autumn in a study on men and similar results 
were found in women (Randall and Ebling, 1991; Orentreich, 1969). These changes in 
the hair follicle phase may be due to the change in day length, as follicles can respond 
to changes in prolactin, melatonin and cortisol secretion (Foitzik et al., 2006; Fischer et 
al., 2008; Paus et al., 2008). 
3.4.5.4. There is a positive correlation between the area of cortical cells and their organelle 
remnants 
The areas of cortical cells were measured along 12cm of Chinese scalp hair. Cortical cell 
size decreased in range after months 1-4, along with the smallest cell sizes increasing 
from month 5 onwards. The average area of the cortical cells increased and then 
decreased again over a year of hair growth. As previously mentioned, these changes 
may be an annual pattern, but a longer study with more hairs from independent donors 
would need to be taken to show this, otherwise the changes in cortical cell size may be 
due to seasonal, nutritional or health factors (Randall and Botchkareva, 2009; Trueb, 
2015). 
A positive correlation was found between cortical organelle remnant area and the 
corresponding cortical cell area. The larger cortical cells in the earlier months had 
smaller organelle remnants compared to those of the latter months. Although nucleus 
size is said to be proportional to cell size (Wilson, 1925; Cavalier-Smith, 2005), this data 
suggests there may be some variability depending upon the circumstances in which the 
hair was growing. 
There appeared to be patterns in the organisation of the exposed cuticle length, 
organelle number and remnant area and cortical cell area. However, the value of this 
data is limited as measurements were only taken from one hair, despite that hair being 
chosen as it appeared to be undamaged and possessed organelle remnants. Thus this 
experiment only provides preliminary data for an insight into the structural changes 
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 along a year of hair growth. To increase the validity of similar data in the future, more 
hairs could be examined, with fewer measurements taken to restrict the time required 
to obtain the data. This would provide more confidence in the value of the data with 
statistically valid proof of any observations on the structure of the hair over a year of 
growth. 
3.4.5.5. Measurements from random sections of hair are valid for experiments 
Although there are some differences in the size of hair structures along a year of hair 
growth, this does not have a significant effect on measurements taken from hairs which 
have been selected randomly with only a small section of hair analysed. This is because 
multiple hairs have been selected randomly as both controls and samples, so differences 
due to the location of the hair are seen in both sets, and therefore not significant in the 
analysis. In addition, although the study of structures along a year of hair growth 
provides interesting information regarding the nature of the hair, it is not feasible to 
carry out imaging of 12cm of hair for all other experiments due to time restraints. 
3.4.6. The uncharacterised hair and skin disorder presents a poorly differentiated 
hair cuticle 
The affected hair was greasy and also contained more lipids within it than in control 
hairs. In addition, it had a flaky cuticle or deposit which was still joined to the rest of the 
hair cuticle, but did not have the normal sublamellar structures except from being 
membrane-bound by what appeared to be a CMC. From these observations, it appeared 
to possibly be made up of poorly differentiated cuticle cells. 
The greasy appearance of the hair may be due to sebum from the sebaceous glands in 
the hair follicles (Nicolaides et al., 1968; Stewart et al., 1983; Koch et al., 1982). The 
internal lipids found within the affected hair may be caused by the raised levels of sebum 
penetrating the hair from within the follicle (Masukawa et al., 2005a). 
The researchers, from Queen Mary University of London, who donated the hair samples 
for investigation, also carried out a skin biopsy from the affected individual along with 
genetic analysis. The skin biopsy showed that the keratinocytes were smaller and more 
compact throughout the epidermis, perhaps poorly differentiated (unpublished 
information). The genetic analysis showed a mutated gene which is involved in mothers 
against decapentaplegic homolog 1 (SMAD1) and bone morphogenetic protein receptor 
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 type IA (BMPR1A) signalling. BMPR1A has been shown to be involved in hair follicle 
differentiation (Yuhki et al., 2004; Kwan et al., 2004; Andl et al., 2004; Kobielak et al., 
2007; Genander et al., 2014). These results support the observations made through 
analysis of the hair that there could be a defect in the differentiation of the hair cuticle. 
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Fig. 3.1. Emission spectra of human hair. A) Emission spectra of the
cuticle excited with indicated wavelengths, using 30% of the power
capacity of the lasers. B) Emission spectra of the cortex excited with
various wavelengths, using 30% of the power capacity of the lasers. C)
Normalised emission spectra against the largest intensity value for each
wavelength of the cuticle excited with indicated wavelengths. D)
Normalised emission spectra against the largest intensity value for each
wavelength of the cortex excited with indicated wavelengths. These
emission spectra for one hair are representative of the five hairs
analysed.
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Fig. 3.2. Fluorescence intensity of the cuticle and cortex excited with a
range of wavelengths. (A) Confocal microscopy of the autofluorescent
cuticle and cortex from excitation with 0.15mW of the listed
wavelengths, scale bars = 25µm. B) Intensity of the fluorescence of the
cuticle and cortex when excited with various lasers at 0.15mW. (C)
Confocal microscopy composite image of 405nm (magenta), 543nm
(yellow), and 633nm excitation (orange), at the cuticle, cortex and
deeper cortex, scale bars = 10µm. The photomicrographs shown are
representative of five hairs imaged.
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Fig. 3.3. Confocal microscopy of hairs stained with fluorescent dyes. A)
405nm excited autofluorescence, scale bar = 10µm. B) 0.6mg/ml Nile
red stained hair at the cuticle (arrow), scale bar = 25µm. C) 50µM N-(2-
aminohexyl)-5-(dimethylamino)naphthalene-1-sulphonamide stains the
cuticle (arrow), scale bar = 10µm. D) 200µM Rhodamine B chloride
stains the cuticle free edge (arrow) and punctate staining (circled), scale
bar = 10µm. E) 10µM R18 stained hair showing the free edge of the
cuticle (arrow) and punctate staining (circled), scale bar = 25µm. F) Hair
stained with 0.01M curcumin, which stains the cuticle (arrows), scale
bar = 35µm. G) H&E staining highlights the free edge of the cuticle
(arrow), scale bar = 10µm. H) 0.1M Fluorescein stained hair, staining the
cuticle (arrow), scale bar = 10µm. I) Oil red o staining of split head hair,
showing lipids in the cortex of the hair (arrow), scale bar = 25µm. A
representative photomicrograph of 3 imaged hairs is shown for each
dye.
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Fig. 3.4. Confocal microscopy of transverse optical sections of hairs
stained with 0.6mg/ml Nile red. A) Image showing zoomed-in area of
(B) which shows the cuticle layers (double headed arrow), cortical CMC
(arrow) and vesicles (circled). (C) Image showing the autofluorescent
hair and zoomed-in area of (D). A representative photomicrograph of 6
imaged hairs is shown. Scale bars = 10µm.
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Fig. 3.5. TEM of the cuticle. A) Transverse section of hair at x15k and at
(B) x40k. Cu=cuticle, Co=cortex, M=melanin, a=α-layer, Ex=exocuticle,
En=endocuticle, arrows=CMC. HV = 100kV. A representative
photomicrograph of 12 imaged hairs is shown. Scale bars = 500nm.
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Fig. 3.6. Super resolution microscopy of a transverse optical section of
hair. The light exocuticle (Ex), dark endocuticle (En), and an entire
cuticle cell (double headed arrow) are indicated. A representative
photomicrograph of 5 imaged hairs is shown. Scale bar = 5µm.
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Fig. 3.7. Thick cuticle limits the use of label-free imaging for plucked
beard hair. A) Confocal transverse section through a beard hair, showing
the thick cuticle layer, scale bar = 25µm. B) Confocal longitudinal section
through a beard hair, showing the cortex is poorly visible, scale bar =
25µm. C) Confocal longitudinal section of cuticle-free beard hair,
showing detailed structure of the cortex, scale bar = 25µm. D) SEM of a
plucked beard hair, with box showing magnified panel E) where the
cuticle begins, and apparent bands across the cuticle (arrows). F) Layers
of cuticle (arrow), proximal of which there is only cortex (cor). G) The
bands across the cuticle are curled up cuticle cells (arrow). H) Confocal
imaging of a plucked beard hair in the subepidermal area, showing thick
bands of curled up cuticle cells (arrows), scale bar = 25µm.
Representative photomicrographs of 5 imaged hairs for each section are
shown.
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Fig. 3.8. Imaging of the cuticle surface. A) TIRF of 200µM R18 stained
hair showing the cuticle, scale bar = 5µm. A representative
photomicrograph of 3 imaged hairs is shown. B) SEM of the cuticle of
untreated Chinese head hair at x1k, scale bar = 10µm. C) SEM of the
cuticle of untreated Chinese head hair at x10k showing remaining
endocuticle (en), scale bar = 1µm. D) SEM of the cuticle of untreated
Chinese head hair at x150k showing cracks (arrow), scale bar = 100nm.
SEM photomicrographs shown are representative of 5 imaged hairs.
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Fig. 3.9. Visualisation of cortical
cells in human head hair. A)
0.6mg/ml Nile red stained hair,
showing the CMC of the outer
cortical cells (arrow), scale bar =
25µm. B) The same hair and area
as in the previous image, but
utilising 405nm induced
autofluorescence, scale bar =
25µm. C) SEM of the cut end of a
hair, showing cortical cells (arrow).
D) SEM of the sliced-open cortex,
showing the macrofibrils. E) TEM
of the cortex showing a cortical
cell containing macrofibrils (m)
surrounded by the CMC (arrow),
scale bar = 100nm.
Photomicrographs from images A,
B, C and D are representative of 5
hairs, and image E is
representative of 12 hairs.
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Fig. 3.10. Confocal microscopy of organelle remnants. A) Diagonal
optical section through the hair showing how organelle remnants
change shape between the cuticle and the cortex and are more
autofluorescent than the surrounding area, scale bar = 25µm. The
adjoining drawing shows the plane of the optical section taken through
the hair. B) Maleimide conjugated to 633nm AlexaFluor stained hair
picks up the organelle remnants, scale bar = 25µm. C) The same area as
previously, utilising 405nm excited autofluorescence, scale bar = 25µm.
D) 543nm excitation showing organelle remnants (arrows), scale bar =
25µm. E) The same area as previously but with 633nm excitation,
showing organelle remnants are not usually excited by 633nm, scale bar
= 25µm. Images A, D and E are representative photomicrographs of 5
imaged hairs, and images B and C are representative of 6 imaged hairs.
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Fig. 3.11. TEM of organelle
remnants. A) Transverse section of
a whole hair, scale bar = 10µm,
with zoomed in region of B)
showing the organelle remnants,
scale bar = 2µm. C) Organelle
remnant (asterisk) surrounded by
keratin macrofibrils inside a
cortical cell, scale bar = 500nm. D)
Organelle remnant (asterisk)
surrounded by a double membrane
(arrow), scale bar = 100nm. E)
Organelle remnant (r) also
containing melanin granules
(asterisk), scale bar = 500nm.
Photomicrographs are
representative of 12 imaged hairs.
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Fig. 3.12. Label-free imaging of melanin-like particles. A) Confocal of
the upper cortex level for the best resolution, showing 405nm
autofluorescence and 633nm reflection of various hair colours, to show
how the melanin-like particle content differs, scale bars = 10µm. Used
Eu 5.0 for brown hair and Eu 7.0 for blond hair. The pale yellow/white
hair was from elderly Chinese donors. B) 633nm excitation of the
cuticle/upper cortex, showing reflective melanin-like particles. C)
Synthetic melanin reflects 633nm laser emission, scale bar = 25µm. D)
R18 stained beard hair follicle shows melanin present in the follicle with
405nm excitation, and with (E) 633nm reflection, scale bars = 25µm. F)
Melanin-like particles in the cortex are reflective in European blond hair
and reflect 633nm laser emission, examples of one type of particle are
circled, scale bar = 5µm. G) 405nm induced autofluorescence, showing
black melanin-like particles, NB the particles circled in (F) are not
present here, scale bar = 5µm. H) Merged image, scale bar = 5µm. I)
Merged image, zoomed in to show circled areas more clearly, scale bar =
5µm. Representative photomicrographs shown are from black (n=3),
brown (n=3), blond (n=3), ginger (n=6), darker ginger/brown (n=4), pale
yellow/white old-age (n=5) hairs imaged.
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Fig. 3.13. Quantification of the melanin-like particles. A) The densities
of the two different categories of melanin-like particles in the indicated
hair colours. B) Graph to show the proportion of the two different
categories of melanin-like particles in various hair colours, error bars =
+/- 2*SEM. C) Table of the number of particles which absorbed 405nm
and reflected 633nm for each piece of hair. Black hair (n=3), brown hair
(n=3), blond hair (n=3), ginger hair (n=6), darker ginger/brown hair
(n=4), pale yellow/white old-age hair (n=5).
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Hair colour No. of particles 
absorbed 405nm
No. of particles 
reflected 633nm
Black 1845, 992, 1653 2126, 1199, 1715
Brown 1098, 1121, 334 1220, 1315, 399
Blond 481, 294, 443 1280, 1340, 779
Ginger 47, 49, 129, 100, 173, 
104
391, 412, 452, 497, 
1078, 592
Darker ginger/brown 186, 63, 198, 350 1025, 694, 1382, 857
Pale yellow/white 1, 1, 1, 1, 1 123, 19, 128, 23, 342
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Fig. 3.14. Visualisation of the medulla of human head hair. A) TEM of a
transverse section through a hair, with the medulla enlarged in the next
image, scale bar = 10µm. B) TEM transverse section through a hair
showing the medulla, scale bar = 2µm. C) Enlargement of the upper
selected area in the previous image, showing the airspaces (a) and CMC
(arrow), scale bar = 500nm. D) Enlargement of the lower selected area,
showing the CMC (arrow) between the medulla (m) and cortex (c), scale
bar = 500nm. E) SEM of a hair cut in half, exposing the medulla. F)
Enlargement of the previous image, showing the medulla (m) in the
centre of the cortex (c). G) Confocal of a beard hair follicle stained with
R18 showing the beginnings of the medulla (arrow), scale bar = 25µm.
H) Confocal of a longitudinal section through the centre of a hair using
405nm excited autofluorescence, showing the medulla (arrow), scale
bar = 25µm. I) Confocal using 633nm reflection to show the medulla
(arrow), scale bar = 25um. J) Confocal of a transverse optical section
through a beard hair which appears to have two medullas (arrows),
scale bar = 25µm. K) Confocal transverse sections of hairs with highly
autofluorescent medullas (arrow), scale bar = 10µm. L) Confocal
transverse section of a hair with a less autofluorescent medulla (arrow),
scale bar = 10µm. Representative TEM photomicrographs of 12 TEM
imaged hairs, 5 SEM imaged hairs, 5 confocal longitudinal and 6 confocal
transverse imaged hairs are shown.
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Fig. 3.15. Variation in exposed cuticle cell
length along 12cm of hair. A) Cuticle length
along 12cm of one hair (approx. 1 year of
growth). B) Box and whisker plot of cuticle
length along 12cm of one hair. C) Graph with
error bars (+/- 2*SEM) of the cuticle length
along 12cm of one hair.
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Fig. 3.16. Variation in circular organelle remnant area along 12cm of
hair. A) Circular organelle remnant area along 12cm of one hair (approx.
1 year of growth). B) Box and whisker plot of circular nuclear remnant
area along 12cm of one hair. C) Graph with error bars (+/- 2*SEM) of the
circular nuclear remnant area along 12cm of one hair. D) Confocal image
showing circular organelle remnants (arrows), scale bar = 10µm. E)
Approximate number of circular organelle remnants recorded in each
1cm segment.
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Fig. 3.17. Variation in cortical organelle remnant area along 12cm of
hair. A) Cortical nuclear remnant area along 12cm of one hair (approx. 1
year of growth). B) Box and whisker plot of cortical nuclear remnant
area along 12cm of one hair. C) Graph with error bars (+/- 2*SEM) of the
cortical nuclear remnant area along 12cm of one hair. D) Confocal image
showing cortical organelle remnants (arrows), scale bar = 25µm.
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Fig. 3.18. Variation in cortical cell area along 12cm of hair. A) Cortical
cell area along 12cm of one hair (approx. 1 year of growth). B) Box and
whisker plot of cortical cell area along 12cm of one hair. C) Graph with
error bars (+/- 2*SEM) of the cortical cell area along 12cm of one hair. D)
Graph of the correlation between cortical organelle remnant area and
corresponding cortical cell area.
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Fig. 3.19. Confocal imaging of the uncharacterised hair and skin
disorder. A,B,C) Hairs from a patient with an uncharacterised skin and
hair disorder, which show detached material around the outside of the
cuticle (arrows). D) Hair from the same patient which appears to be
normal. Photomicrographs shown are representative of 5 hairs imaged.
Scale bars = 25µm.
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Fig. 3.20. Max projection of transversely optical sectioned hairs stained
with 0.6mg/ml Nile red and 543nm laser excitation. A) Hairs from a
patient with an uncharacterised skin and hair disorder, showing the flaky
cuticle (arrows). B) Hairs from the patient with an uncharacterised skin
and hair disorder, showing the patient has more Nile red staining and
therefore more lipids present in their hair than their unaffected parents
(C and D). Photomicrographs shown are representative of 6 hairs imaged
from each of the three donors. Scale bars = 10µm.
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Fig. 3.21. TEM of a transverse section of hair from a patient with an
uncharacterised skin and hair disorder. A) Normal looking hair showing
the A-layer (a), exocuticle (ex), endocuticle (en), and the CMC (arrows),
scale bar = 500nm. B) Hair showing a membrane-bound deposit (d) at
the outer cuticle layer, perhaps continuous with the cuticle (arrows),
scale bar = 2µm. C) Part of the membrane-bound (arrows) deposit (d)
outside of the hair cuticle (cu), scale bar = 100nm. D) Hair showing
normal CMC (asterisks) and lack of CMC distinction (arrows), scale bar =
500nm. E) Patient’s Father’s unaffected hair, scale bar = 500nm. F)
Patient’s Mother’s unaffected hair, scale bar = 500nm.
Photomicrographs shown are representative of 3 hairs imaged from
each donor.
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Analysis of hair structure by 
fluorescence lifetime imaging
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 4.1. Introduction 
Continuing from the exploration of the autofluorescent hair in the previous chapter, it 
was noted that label-free imaging of autofluorescence intensity often resulted in 
structures appearing uniform. However, it could be predicted that the imaged structures 
are actually encountering different chemical environments, so fluorescence lifetime 
imaging microscopy was used to further investigate the structures and properties of the 
untreated hair, again using label-free imaging. 
4.1.1. FLIM 
Fluorescence lifetime imaging microscopy, or FLIM, measures the exponential decay 
rate of a fluorophore (Lakowicz et al., 1992; Lakowicz, 2006). It is useful in addition to 
photon intensity measurements as an area of a sample may emit the same number of 
photons and therefore appear homologous in intensity imaging, whereas FLIM can be 
used to further distinguish structures and chemical environments because the 
fluorophore lifetimes may differ.  
To image with FLIM, samples are either labelled with fluorophores or imaged using the 
endogenous fluorophores. FLIM is non-invasive and relatively non-destructive besides 
possible photobleaching. FLIM works by a pulsed laser emitting photons that are 
absorbed by fluorophores, which then enter an excited state, S1 (fig. 4.1). The Jablonski 
diagram (fig. 4.1) shows that there are many pathways in which to return to the ground 
state, S0. To do this, the fluorophore can: emit a photon (fluorescence); transfer energy 
to surrounding molecules; or through the conversion of energy into heat. Alternatively, 
the fluorophore can cross into the reactive triplet state, T1, from where it can transit to 
S0 via phosphorescence or cross back to the S1 state from where it can again transit to 
S0 via the pathways described above (Lakowicz, 2006). The fluorescence lifetime is the 
time constant for this decay in a homogenous population of molecules; the reciprocal 
sum of the rate constants of all possible return routes to the ground state: 
1
𝜏
=  ∑ 𝑘𝑖 
Where τ is the fluorescence lifetime, and ki is the rate of the decay pathway. The 
fluorescence lifetime is usually measured in the order of nanoseconds. When the 
fluorescence lifetime is low the rate constants are greater, and vice versa. The rate 
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 constants differ depending upon the type and conformation of the fluorophores, and 
upon their constituent environment such as the metabolic state, concentration of 
oxygen and protein binding. Thus, irrespective of fluorophore concentration, differing 
lifetimes suggest different chemical environments within a sample (Konig and Riemann, 
2003; Richards-Kortum et al., 2003; Schweitzer et al., 2007; Becker, 2012). Such changes 
in lifetime with chemical environment have been demonstrated in living cell systems, 
for instance where the lifetime of nicotinamide adenine dinucleotide (NADH) decreases 
as pH increases (Ogikubo et al., 2011). Another example is the differing redox ratio 
between flavin adenine dinucleotide (FAD) and NADH which changes the fluorescence 
lifetimes of FAD and NADH and shows lifetime is affected by a change in metabolic state 
such as increased glycolysis (Skala et al., 2007; Provenzano et al., 2008a). An increase in 
the lifetime of FAD in mammary tissue has also been linked with invading metastatic 
cells (Provenzano et al., 2008b). 
FLIM has only been utilised by a small number of researchers in the analysis of hair in 
the past, and not in conjunction with confocal microscopy. Studies have been carried 
out which have been proposed to distinguish pheomelanin and eumelanin in hair, and 
can therefore distinguish hair colour, separately using multiphoton microscopy (Ehlers 
et al., 2007) and two-photon excited fluorescence lifetime imaging (Krasieva et al., 
2012). However, the images produced are of low resolution and the studies fail to take 
into account that red hair, the sample used for pheomelanin, also contains eumelanin, 
and vice versa for black hair. Other researchers have also worked on melanin in the skin 
using multiphoton microscopy FLIM (Sugata et al., 2009). Further research using FLIM 
has been carried out on the epidermis. One study has shown that normal skin can be 
discriminated from basal cell carcinoma skin by changes in lifetime, perhaps due to the 
degradation of collagen by tumour-associated matrix metalloproteinases as well as 
changes in pH (Galletly et al., 2008). Another study on the epidermis has shown the 
location of calcium in the stratum granulosum and the release of calcium from the 
endoplasmic reticulum following perturbation of the epidermal barrier (Celli et al., 
2016). FLIM has also been used to test the penetration of commercial products into the 
epidermis (Leite-Silva et al., 2013). FLIM carries a lot of potential for further use and 
already has applications in clinical research from dermatology such as melanoma 
characterisation (Konig, 2008) to oncology (Skala et al., 2007; Provenzano et al. 2008ab). 
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 As FLIM has the potential to distinguish structures in a label-free manner, it was used to 
further the investigation into the hair structures. The research within this chapter uses 
the time-correlated single photon counting (TCSPC) method for FLIM (Becker, 2012) 
implemented on a Leica SP5 confocal laser scanning microscope. This was used to gather 
images as well as numerical data to analyse the hair samples. The unit of measurement 
of the fluorescence lifetime was in nanoseconds, and a lower limit and an upper limit of 
lifetimes for each sample were measured. The lower limit up to the upper limit cover a 
lifetime frequency curve of approximately 95% of the lifetimes measured, and 
sometimes an average lifetime of the lower and upper limits was used in analysis. 
Different studies have used various excitation lasers, here 470nm and 640nm are used 
as they were the only wavelengths available. The hairs were measured longitudinally 
and transversely to further distinguish structures within the hair. 
4.1.2. Aims of the study 
The overall aim of this chapter was to investigate if fluorescence lifetime imaging reveals 
structures and chemical environments that cannot be resolved by fluorescence 
intensity. The first aim was to test whether using ambient room humidity to measure 
lifetime yields consistent results. This needed to be done as a control to ensure that the 
varying humidity of the laboratory was not affecting the fluorescence lifetime of the 
hairs. The following aim was to compare autofluorescence and FLIM data in all the layers 
of fully differentiated hair. This was done to investigate whether there is a significant 
difference between and within the hair cuticle, cortex and medulla and along the hair 
length which can be detected using FLIM. The fluorescence lifetimes of the individual 
cell layers of the cuticle were explored in detail by extracting specific lipids and reducing 
disulphide bonds to discover how these affect the chemical environment of the hair. The 
final aim was to use FLIM to investigate an uncharacterised hair and skin disorder to see 
whether a difference in lifetime could be measured between the affected son’s hair and 
his unaffected parents’. Since FLIM detects changes in chemical environment, there 
could be a detectable difference in hair affected by a disease compared to healthy hair.
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 4.2. Experimental approach 
FLIM was used to further investigate the structures of the hair, and following a similar 
procession through the hair as in the previous chapter, investigations were first made 
into the cuticle, followed by the cortex and medulla. Imaging was carried out by imaging 
hairs with the 405nm wavelength before and after taking FLIM images with each of the 
470nm and 640nm lasers for reference to hair structures and to test for movement of 
the sample during fluorescence lifetime imaging as this would void the results. When 
imaging hairs longitudinally the cuticle, cortex and medulla were imaged separately by 
adjusting the z-axis. For transverse images, the SymPhoTime software was used post-
imaging to draw and extract distinct regions of interest to separate the hair 
compartments for individual analysis. In total, 1540 FLIM images were taken of hairs, 
with 1-4 images taken of each hair. Images shown in figures are representative of the 
hairs imaged. 
4.2.1. Relative humidity 
Nine untreated Chinese scalp hairs were taken and placed in water (n=3), a controlled 
70% relative humidity environment (n=3), or left at ambient humidity (n=3) for 18h at 
room temperature. Once removed from these conditions they were immediately placed 
in oil and imaged. 
4.2.2. FLIM of the cuticle, cortex and medulla 
Where the average lifetimes of the cuticle, cortex and medulla are compared, numbers 
were obtained from untreated transverse optical sections of Chinese scalp hair. Using 
the SymPhoTime software, regions of interest were drawn to separate the cuticle, cortex 
and medulla. In total, the lifetimes of thirty-eight hairs were measured using excitation 
from the 470nm and thirty-six using the 640nm laser. Only some hairs possessed a 
medulla (n=19). 
The average lifetimes of beard hairs are compared, and in total, the lifetimes of four 
hairs at the mid-section of the hair were measured, three of which had a medulla, using 
excitation from the 470nm and 640nm laser. The lifetimes of the root, mid-section and 
distal tip of the hair were measured on two of the four hairs, though only one hair 
possessed a medulla. The lifetimes were measured for five plucked scalp hairs, where 
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 the root area is defined as being under the skin, the mid-section is above the skin, and 
the distal tip is the very end of the hair. 
FLIM images were taken along the lengths of three hairs to test whether there are 
changes in lifetime along the hair length. Since FLIM takes much longer than intensity 
confocal imaging, the imaging could not be taken continuously along the length of the 
hair. Instead, each hair was cut into six or seven equal lengths of 2cm and a FLIM image 
with each laser was taken of the cuticle and cortex of the hair for each section. 
4.2.3. Multiple cuticle lifetimes 
All hairs showed different lifetimes in the cuticle than in the cortex immediately below 
it. The cuticle was removed on some hairs (n=10) to show the effect was not an artefact. 
Cuticle lifetimes were analysed from 470nm (n=21) and 640nm (n=23) excited untreated 
Chinese scalp hairs. 
4.2.4. Lipid extraction methods 
Three lipid extraction methods were carried out on the hair to understand if hair lipids 
contribute to the FLIM images observed. To assess general lipid loss Nile red staining 
was carried out and fluorescence intensity measurements made using ImageJ. 
Comparisons of Nile red staining should not be made between the lipid extraction 
methods. This is due to the differing intensities, as for the CTAB method maximum 
projections of the hairs were used to account for uneven cutting through the hair, and 
the linear brightness of the images was different between methods so as to account for 
over-saturation of the colour channel. 
4.2.4.1. Modified method for stratum corneum lipids 
For each step of the seven stage protocol adapted from Pappinen et al., 2008, there 
were control (n=11) and treated hairs (n=11). Of these, some were used for longitudinal 
optical sectioning (n=5), and the others for transverse optical sectioning (n=6). 
For GC/MS analysis, 3.36mg/ml of Chinese scalp hair was used with repeats in triplicate. 
Lipid extracts were dried under nitrogen and derivatised with 400µL Tri-Sil TP for 20 min, 
extracted with 200µL water and 400µL hexane. The phases were separated by 
centrifugation and the upper hexane layer was analysed by GC/MS using splitless 
injection. Fatty acid peaks were identified as follows: C14:0 – 8.0 min, C15:0 – 8.3 min, 
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 C16:0 – 8.7 min. Other lipids were identified as follows: squalene – 12.2 min, cholesterol 
– 14.1 min. 
4.2.4.2. Wertz and Downing method lipid extraction 
For each step of the seven stage protocol adapted from Wertz and Downing, 1988, there 
were control (n=11) and treated hairs (n=11). Of these some were used for longitudinal 
optical sectioning (n=5), and the others for transverse optical sectioning (n=6). The linear 
brightness for hairs stained with 0.6mg/ml Nile red was darkened to 50-255 for the 
maximum projection images of the hairs, as the original brightness of the control hairs 
may have been close to the saturation point of the colour channel. 
For GC/MS analysis, 2.6mg/ml of Chinese scalp hair was used with repeats in triplicate. 
The samples were derivatised with bistrimethylsilyltrifluoroacetamide (BSTFA) and 
splitless injection was used to acquire sufficient signal. Lipids were identified as follows: 
fatty acid 16:0 – 8.4 min, squalene – 12.2 min, cholesterol – 14.1 min, C18:C16 ester – 
16.5 min, C18:C14 ester – 17.9 min. 
4.2.4.3. CTAB method lipid extraction 
For each step of the seven stage protocol adapted from Smith et al., 2010, there were 
control (n=11) and treated hairs (n=11). Of these some were used for longitudinal optical 
sectioning (n=5), and the others for transverse optical sectioning (n=6). The linear 
brightness for hairs stained with 0.6mg/ml Nile red was darkened to 200-255 for the 
maximum projection images of the hairs. 
For GC/MS analysis, 27.6mg/ml of Chinese scalp hair was used with repeats in triplicate. 
The lipid extracts were dried under nitrogen or freeze-dried, then extracted with 
chloroform:methanol 1:1 and 0.9% KCl.  The lower phases were removed into new tubes 
and dried under nitrogen at 35ᵒC and derivatised with Tri-Sil TP (200µL) for 20 min, 
extracted with 100µL water and 200µL hexane. The phases were separated by 
centrifugation and the upper hexane layer was analysed by GC-MS. Splitless injections 
resulted in overloading of the detector for the HAc/IPA sample. Split injections were 
performed for all samples, with the existing method being altered to start at a lower 
temperature to spread the derivatives. Peaks were identified as follows: CTAB – 13.6 
min, squalene – 23.07 min, cholesterol – 25.8 min, fatty acids – 12-17 min. 
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 In the FLIM images of the transverse optical sections, the 470nm excited control and 
sample hairs have had their colour spectrum re-scaled with a lower average lifetime of 
2ns and an upper average lifetime of 5ns so that they are directly comparable. The 
640nm excited control and sample hairs have had their colour spectrum re-scaled to 
0.7ns - 3.5ns. The transverse image re-scaling was only carried out for this lipid 
extraction as it was the only one which had a significant effect upon the lifetimes within 
the hair. Of the FLIM images, some hairs with low photon counts had the linear 
brightness increased. 
4.2.4.4. Potassium thioglycolate treated hair 
In addition to the lipid extraction methods, a treatment was also carried out to disrupt 
the sulphydryl bonds in the hair to test their effect on the fluorescence lifetimes. For the 
45mM potassium thioglycolate treatment, there were control (n=11) and treated hairs 
(n=11). Of these, some were used for longitudinal optical sectioning (n=5), and the 
others for transverse optical sectioning (n=6). 
In the FLIM images of the transverse optical sections, the 470nm excited control and 
sample hairs have had their colour spectrum re-scaled with a lower average lifetime of 
3ns and an upper average lifetime of 5ns so that they are directly comparable. The 
640nm excited control and sample hairs have had their colour spectrum re-scaled to 
0.3ns - 3.5ns. 
4.2.5. Contribution of melanin to FLIM 
Hairs of different colour were imaged using FLIM and categorised as white (n=2), blond 
(n=7), ginger (n=1) and dark (n=25). Only measurements of the cortex were included in 
the analysis as this part of the hair contains the majority of the melanin. 
4.2.6. Fluorescence lifetime indicators of hair cycle 
FLIM was carried out on hairs in anagen (n=3) and in telogen (n=3) of the hair protruding 
from the bulb but still under the skin. Measurements were taken just underneath the 
cuticle and into the cortex. 
4.2.7. Uncharacterised hair and skin disorder 
For analysis of the hair from the patient with the uncharacterised hair and skin disorder, 
the unaffected mother and father were used for control hair samples. In total there were 
affected son (n=10), unaffected mother (n=11) and unaffected father (n=11) hairs 
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 analysed using FLIM. Measurements were taken of the cuticle and cortex using the 
470nm and 640nm lasers. 
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 4.3. Results 
FLIM was carried out on the hair to investigate whether more structures could be 
identified using label-free imaging by exciting the endogenous fluorophores. Lifetimes 
are represented in the images as colours, with red as the highest lifetime and blue as 
the lowest. For each image the distribution of the colours or scale has been adjusted to 
best cover the range of lifetimes present in that hair and this shows the hair structures 
in the most detail. The 470nm and 640nm lasers each gave a different distribution of 
lifetimes when emitted onto the hair, so both have been used in this study. 
4.3.1. The cuticle 
The compartments of the hair were investigated in a similar order to the previous 
chapter, so first the cuticle was studied, and it was found to have multiple fluorescence 
lifetimes. 
4.3.1.1. Fluorescence lifetime imaging further distinguishes structures in the hair showing 
the cuticle possesses multiple lifetimes 
FLIM images were taken of longitudinal and transverse optical sections of hair to explore 
the lifetimes of the hair cuticles. All previous FLIM work had been done on longitudinal 
hair sections and regarding hair colour (Ehlers et al., 2007; Krasieva et al., 2012), so the 
transverse optical sectioning method offered a new perspective on the FLIM of the hair. 
Figure 4.2 shows FLIM images and the corresponding intensity images for three hairs 
excited with the pulsed 470nm laser or 405nm continuous wave laser. In each image the 
lifetimes change across the hair as well as in the cuticle. The top longitudinal image 
shows the cuticle has a predominant lifetime shown in blue of 1.26ns. There seems to 
be variation in the outer cuticle lifetime between hairs, as some hairs had much lower 
outer cuticle lifetimes than others. Most biological endogenous fluorophores have 
longer fluorescence lifetimes, such as phenylalanine of 7.5ns, tryptophan of 3.03ns, and 
tyrosine of 2.5ns (de Melo et al., 2007; Berezin and Achilefu, 2010). Transverse imaging 
to investigate the cuticle was found to be more suitable than longitudinal imaging 
because transverse images offer a clear view of the individual cuticle cells as the optical 
slice is perpendicular to them and signal for the cortex and medulla is not lost from the 
depth of penetration into the hair. The middle transverse image shows three lifetimes, 
a small amount of yellow of 3.62ns on the two or three cells closest to the cortex, 
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 followed by green of 3.25ns and then blue of 2.88ns on the outer couple of cells. The 
bottom FLIM image shows the cuticle with two lifetimes – red of 3.66ns and yellow of 
3.34ns. Previous hair FLIM papers have not used methods which resolve the cuticle 
lifetimes (Ehlers et al., 2007; Krasieva et al., 2012). 
The top two images in figure 4.3 show the same hairs as in the previous figure but 
excited with 640nm, and the bottom hair is a different hair but shows an interesting 
detail. The lifetime distribution in the top longitudinal hair appears similar to when it is 
excited with 470nm, whereas the transversely imaged hair differs. This middle image 
excited with 640nm appears to have four different lifetimes – an innermost red coloured 
lifetime of 2.52ns, followed by a slightly shorter lifetime of 2.31ns coloured yellow, then 
an even shorter lifetime of 1.99ns coloured green. Some of the outer cuticle cells have 
an even shorter lifetime of 1.78ns coloured blue. The bottom FLIM image appears to 
have three lifetimes within the cuticle, red of 2.52ns, green of 2.10ns and blue of 1.92ns, 
however, part of the cuticle has broken away (arrow) and the outer blue lifetime is lost. 
To test whether the multiple outer lifetimes of the hair were part of the cuticle or 
whether they were an artefact from immersion of the hair in the oil mounting medium, 
the cuticle was removed from hairs by sandpapering. As figure 4.4 shows, the physical 
removal of the cuticle resulted in the loss of the rings of outer lifetimes. Therefore, the 
multiple fluorescence lifetimes are an intrinsic component of the cuticle layer. 
4.3.1.2. There are four observable classes of cuticle structures or chemical environments 
In the majority of samples studied the cuticle lifetimes decrease with progression 
outwards from the cortex to the cuticle surface for both 470nm and 640nm excitation. 
The remaining hairs within the dataset showed either an increase or a single unvarying 
lifetime across the cuticle layers. This suggests there may be four observable classes of 
cuticle structures or chemical environments that can be detected using FLIM. Using 
transverse optical sectioning only, FLIM images were taken of hairs and the cuticle cell 
layers were separated into distinct regions of interest using the SymPhoTime software. 
Figure 4.5A shows the decrease in cuticle lifetime over the cuticle cell layers radiating 
out of the hair from the cuticle-cortex border towards the hair surface for individual 
hairs excited with 470nm and accounted for 90% of the hairs imaged in this study. Figure 
4.5B shows one of these hairs with decreasing lifetimes. This figure zoomed in (fig. 4.5C) 
showed the cuticle had two lifetimes, the smallest of which was the outer lifetime of 
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 approximately 2ns. Figure 4.5D is a graph of 470nm excitation of the cuticle showing the 
average cuticle lifetime increasing or unvarying with cuticle cell layer, which accounted 
for 10% of hairs imaged in this study. Figure 4.5E shows one of these hairs, and zooming 
into the cuticle (fig. 4.5F) shows the cuticle lifetime is unvarying. For 640nm excitation, 
figure 4.5G shows a graph of the average lifetimes of the cuticle decreasing with cuticle 
layer from the cuticle-cortex border to the surface of the hair, which accounted for only 
53% of hairs imaged in this study. Figure 4.5H shows a corresponding FLIM image and 
the enlarged cuticle image (fig. 4.5I) shows a cuticle lifetime which is decreasing towards 
the outside of the hair. Figure 4.5J is a graph of the other hairs excited by 640nm and 
shows the average lifetime increasing or unvarying with cuticle cell layer radiating out 
of the hair, and accounted for 47% of the hairs imaged in this study. Figure 4.5K shows 
the corresponding FLIM image with an enlarged cuticle image (fig. 4.5L) showing the 
cuticle lifetimes were relatively constant. As 470nm and 640nm excitation were carried 
out on the same hairs, it shows that a hair may have increasing or decreasing cuticle 
lifetimes for either wavelength excitation, leading to the proposal that there are four 
observable classes of cuticle structures or chemical environments that can be detected 
using FLIM. 
4.3.2. The cortex 
After the investigation of the cuticle, the cortex was further explored using FLIM. Figure 
4.6A shows 470nm and 640nm excited transverse optical sections of a representative 
hair, which has a lower green lifetime of 3.30ns for 470nm and of 2.30ns for 640nm 
excitation in the outer cortex, and incorporates increasing amounts of the longer red 
lifetime of 3.88ns for 470nm and of 2.73ns for 640nm excitation towards the centre of 
the hair. 
As well as appearing autofluorescent from 405nm excitation, organelle remnants (some 
circled) distinguish themselves in FLIM images by their fluorescent lifetimes (fig. 4.6B). 
These lifetimes tend to be approximately the average lifetime of the hair, such as those 
in figure 4.6B, coloured yellow-green in the reference colour spectrum denoting the 
average lifetime for that hair, with lifetimes of 3.83ns for 470nm and of 2.04ns for 
640nm excitation. Although the hair in figure 4.6B appeared different to the hair in 
figure 4.6A, the few organelle remnants visible in the autofluorescence image still have 
average lifetimes, coloured yellow-green in the FLIM images, of 3.30ns for 470nm and 
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 of 2.31ns for 640nm excitation. These are also visible within the cortical cells in figure 
4.6C coloured yellow-green with lifetimes of 3.30ns for 470nm and of 2.05ns for 640nm 
excitation. 
Longitudinal optical sections of the hair resolved spindle-shaped cortical cells (fig. 4.6C). 
In the 470nm image, these were dark spindle shapes (arrows) each containing a bright 
organelle remnant. When the hair was excited with 640nm however, the cortical cells 
appeared blue, denoting the lowest lifetime for that hair of 1.68ns. 
The majority of the melanin in the hair is found in the cortex, so FLIM measurements 
only from the cortex of hairs were taken in order to compare the lifetimes of different 
hair colours. The average fluorescence lifetimes of white, blond, ginger, and dark hair 
colours excited with 470nm were measured (fig. 4.7A), but no significant differences 
were found between the different hair colour lifetimes (p=0.318, Kruskal-Wallis test). 
Additionally, no significant differences were found between the hair colours when 
excited with 640nm (fig. 4.7B) (p=0.086, Kruskal-Wallis test). However, the white hair 
had a higher fluorescence lifetime than the other hair colours, though unfortunately 
blond hairs were not imaged. Since white hairs do not contain melanin, the difference 
between the white hairs and the coloured hairs supported previous findings that 
melanin has a role in the overall lifetime of the hair autofluorescence (Ehlers et al., 2007; 
Krasieva et al., 2012). The lifetime of the hair may be affected by the chemical 
composition of the melanin granules or the lipids bound to it. 
4.3.3. The medulla lifetime changes with its autofluorescent intensity 
Within the centre of the cortex of some hairs lies the medulla. As the autofluorescence 
of the medulla varies between hairs, so does the fluorescence lifetime. Figure 4.8 shows 
the range of lifetimes within the medulla. Starting with the most autofluorescent 
medulla, figure 4.8A shows the colour spectrum of the 470nm excited medulla was 
mainly light green of 3.36ns with some blue of 3.15ns, showing it had a fairly low lifetime 
within the range of lifetimes for that hair which increased up to 3.98ns. The same 640nm 
excited medulla appeared red of 3.15ns and green of 2.60ns, so it had high and mid-
range lifetimes for that hair. Figure 4.8B shows a slightly less autofluorescent medulla, 
and when excited with 640nm this had a similar colour, with an average lifetime of 
2.36ns, to the hair in figure 4.8A, though the 470nm medulla had a more mid-range 
lifetime of 3.46ns. Figure 4.8C shows the least autofluorescent medulla, and had a 
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 different lifetime than the brightly autofluorescent medullas. The medulla of this hair 
when excited with 470nm was blue of 3.41ns, the lowest lifetime for that hair, and when 
excited with 640nm the medulla had lower lifetimes – green of 1.99ns and blue of 
1.05ns, than the more autofluorescent medullas. Finally, of medullas that had a similar 
intensity of autofluorescence to the adjoining cortex, figure 4.8D shows that they were 
almost indistinguishable from the cortex. The differences in autofluorescence do not 
seem to be related to the volume of air-space in the medulla, as it is the medullary cells 
which are fluorescing and all the medullas contain air-spaces. These results suggest that 
the autofluorescence intensity of the medulla may affect the fluorescence lifetime. 
4.3.4. Relative humidity as a control for FLIM 
The effect of humidity upon the hair was tested. The purpose of this was twofold: firstly, 
as a control to ensure that the varying humidity of the laboratory was not affecting the 
hairs, and secondly also as a control for the later experiments in the next chapter into 
the hydration of hairs. Hairs were tested at ambient room humidity (approximately 80% 
relative humidity), 70% relative humidity, and 100% humidity in the form of fully 
hydrated hairs. 
With 470nm excitation, the hairs in 70% relative humidity had the highest average 
lifetimes followed by the hairs in ambient humidity, with the hydrated hairs having the 
lowest average lifetimes (fig. 4.9A). However, there was no significant difference 
between the lifetime of the hairs at the different humidities (p=0.173, Kruskal-Wallis 
test). For the same hairs excited with 640nm (fig. 4.9B), although there was a higher 
average lifetime of the cortices of hairs at ambient humidity compared to those that 
were fully hydrated, there was no significant difference (p=0.129, Kruskal-Wallis test). 
These results show that there is little difference in fluorescence lifetime between hairs 
in ambient humidity, a controlled humidity of 70% and fully hydrated hair when excited 
with either laser. 
4.3.5. Exploration of cuticle constituents contributing to the multiple lifetimes 
In order to explore the constituents of the cuticle which may be contributing to the 
multiple lifetimes, the hair was modified in four experiments. The main structural 
components of a cuticle cell are the CMC, epicuticle, A-layer, exocuticle and endocuticle 
and these are made up of different lipids, keratins, and desmosome remnants in the 
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 CMC (Robbins, 2012). Lipid extractions which remove different lipids were required to 
determine which constituents in the cuticle layer were causing the multiple lifetimes. In 
addition, a proteinaceous role was assessed by reducing disulphide bridges in the KIFs 
and matrix. 
4.3.5.1. Wertz and Downing lipid extraction method 
This method involved incubation of the hair in varying ratios of chloroform : methanol, 
as well as each solvent alone. Wertz and Downing showed that extractions with 
chloroform and methanol at room temperature removes soluble lipids from the hair 
(Wertz and Downing, 1988). Thus this method was chosen to assess whether soluble 
lipids have a role in the lifetime of the hair cuticle. After the lipid extraction treatment, 
the hairs were stained with 0.6mg/ml Nile red (fig. 4.10). Nile red is used to stain neutral 
lipids (e.g. cholesterol, cholesterol esters, triacylglycerols), phospholipids, sphingolipids, 
and fatty acids (Fowler et al., 1987). In the past it has been used as a stain for covalently 
bound lipids in mature cornified envelopes in the epidermis (Hirao et al., 2001). 
Compared to the controls, the treated hairs took up less stain particularly in the cortex, 
with fluorescence intensity measurements of 29.0 and 5.2 respectively (p=4.80x10-3, 
Mann-Whitney U-test), showing there had been a loss of lipid. 
There were seven steps to this lipid extraction method and after each step the elutant 
was analysed by GC/MS (fig. 4.11). Deionised water washing was the first step which 
extracted a little squalene. The second step was incubation in methanol, which 
extracted the fatty acid 16:0, squalene, cholesterol, C18:C16 ester and C18:C14 ester. 
Steps 3 to 6 extracted the same lipids as in step two, and consisted of ratios of 
chloroform : methanol 2:1, 1:1, 1:2 respectively, and then for the sixth step one ratio 
after the other for 24h incubation each. In the seventh and final step the hair was 
incubated in chloroform, and cholesterol and C18:C16 ester were extracted from the 
hair. The relative amounts of the lipids for each step were recorded, however 
comparisons could not be made between the lipids as they ionise to differing degrees. 
The largest amount of fatty acid 16:0 was found in step 2 (fig. 4.12A). The most squalene 
was also found in step 2 and the amounts reduced down to step 5, and then increased 
slightly in step 6 (fig. 4.12B). The most cholesterol was also found in step 2, with less 
found in the following chloroform : methanol ratios, except for in the prolonged step 6 
treatment (fig. 4.12C). The C18:C16 ester was found in largest amount in steps 3, 4, and 
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 6 elutants, with approximately half as much found in step 2 and a third as much in step 
5 (fig. 4.12D). The most C18:C14 ester was from step 2, with much less being found in 
steps 3 to 6 (fig. 4.12E). This shows that the 2:1 chloroform : methanol combination was 
the most effective solvent for extracting the above lipids from the hair, and the method 
likely removed most of those lipids which were present in the hair as little was extracted 
in the final two steps. 
Next the treated hairs and untreated control hairs were imaged using FLIM to see if 
there was an effect from the removal of those lipids on the fluorescence lifetime. The 
distribution of lifetimes across the hairs was similar when control hairs were compared 
to the paired treated hairs (fig. 4.13). The colour mapping showed that when excited 
with 470nm there were slightly more blue regions of low lifetime, of 3.041ns, on the 
lipid extracted sample cuticle than the control cuticle, where the lowest lifetime was 
3.355ns. This control hair cuticle lifetime is higher than that of the three untreated hairs 
in figure 4.2, but only higher than one of the hairs by 0.01ns. This shows the variability 
between the hairs and the importance of paired control and treated hairs. In the 470nm 
excited lipid extracted sample cortex image, the cuticle appeared more prominent than 
in the control image. Overall, the lifetime frequency graphs appeared broader, giving a 
significantly larger range of lifetimes in lipid extracted sample hair cortices excited with 
640nm (p=0.171, p=0.635, normality tests for samples and controls respectively; 
p=0.0361, t-test). 
The box and whisker plot gives information about the median, quartiles and range of 
the data. The box represents the two mid-quartiles of the data with a line between them 
to represent the median, and the whiskers represent the upper and lower quartiles of 
the numerical data. The box and whisker plot (fig. 4.14A) of control and lipid extracted 
sample hairs excited with 470nm shows the lifetimes seem similar, with the median 50% 
of lifetimes for each part of the hair overlapping for control and lipid extracted sample 
hairs. This is with the exception of the medulla, which was possessed by only 2 of the 
lipid extracted sample hairs. The lifetimes of the cuticles of the lipid extracted sample 
hairs all match the top 75% of the lifetimes of the cuticles of the control hairs. For the 
same hairs excited with 640nm, the median 50% of cuticle lifetimes do not overlap for 
the control and lipid extracted sample hairs (fig. 4.14B). On the whole this graph shows 
that all parts of the hair showed a lower lifetime once treated with the lipid extraction 
190 
 method, though there is still some overlap of lifetimes between the control and lipid 
extracted sample hairs, and the only significant difference was between the control and 
treated hair cuticles excited with 640nm (p=0.0344, Mann-Whitney U-test). 
The lifetimes of individual cuticle cell layers were taken to examine how they changed 
from the cuticle-cortex border to the hair surface. For 470nm excited hair, all of the lipid 
extracted sample cuticle cell layers decreased in lifetime radiating out of the hair from 
the cortex to the surface, but still remained within the lifetimes covered by the control 
cuticle cell layers which also decreased in lifetime (fig. 4.14C). For the same hairs excited 
with 640nm, all the lipid extracted sample cuticle lifetimes increased with cuticle cell 
layer, although they remained within the lower range of lifetimes covered by all the 
hairs, whilst only some of the control cuticle cell layers decreased in lifetime (fig. 4.14D). 
The fact that the control and lipid extracted sample cuticle cells do not follow suit, as 
not all control cuticles increase in lifetime, means that the cuticle lipids contribute to 
the FLIM profile of the different cuticle cell layers. 
Paired controls with treated samples take into account variation between hairs (fig. 
4.15). The graphs show the range of the lifetime for each hair, and the average lifetime 
is where the lower and upper limit meet. The lower and upper limit encompass 
approximately 95% of the lifetimes of the hair.  The results show that when excited with 
470nm (fig. 4.15A) the average cuticle lifetime is always significantly lower than or equal 
to the average cortex lifetime (p<0.001, Wilcoxon paired test). Apart from hair 71, the 
range of lifetimes of the cuticle increased or remained constant after treatment (p>0.2, 
Wilcoxon paired test). The average cortex lifetime was found to either decrease or stay 
the same after treatment (p>0.2, Wilcoxon paired test), and the cortex lifetime range 
either stays constant or increases after treatment (p>0.2, Wilcoxon paired test). For the 
same hairs excited with 640nm (fig. 4.15B), again it was found that the average cuticle 
lifetime was higher than the average cortex lifetime (p<0.001, Wilcoxon paired test). 
With the exception of hair 71, the average cuticle and cortex lifetimes decrease after 
treatment (0.1<p<0.2 and p>0.2 respectively, Wilcoxon paired test). The range of the 
cortex lifetimes was found to increase significantly after treatment (p<0.001, Wilcoxon 
paired test). 
In conclusion, treatment of hairs with the Wertz and Downing lipid extraction method 
resulted in significantly lower cuticle lifetimes than control hairs when hair was excited 
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 with 640nm (p=0.0208, Mann-Whitney U-test), the average cuticle lifetime decreasing 
by 0.18ns from 2.51ns to 2.33ns after treatment. This shows that soluble lipids 
contribute to the fluorescence lifetimes of untreated hair. For 470nm excitation the 
average cuticle lifetimes decreased very slightly by 0.01ns from 3.78ns for control hairs 
to 3.77ns for sample hairs (p=0.925, Mann-Whitney U-test). The cuticle was also 
affected by the lifetime range increasing or staying constant after treatment when 
excited by 470nm (p>0.2, Wilcoxon paired test). Though cortex lifetime ranges changed 
significantly (p<0.001, Wilcoxon paired test), an effect upon the 640nm excited cuticle 
range was not observed (p>0.2, Wilcoxon paired test). 
4.3.5.2. Modified method for stratum corneum lipids 
This method involved incubating the hair in chloroform:methanol 1:2, and then in 50mM 
citric acid:ddH2O:chloroform. This lipid extraction method was chosen to be a harsher 
treatment for the hair than the Wertz and Downing method, as the free soluble lipids 
are removed in the first step leaving the covalently bound lipids behind, some of which 
are then removed by the second step. First, hairs were stained with 0.6mg/ml Nile red 
to assess general lipid loss (fig. 4.16). It appeared that the cuticles of the treated sample 
hairs were less strongly stained than those of the controls, with fluorescence intensity 
measurements of 2.8 and 5.7 respectively (p=0.0286, Mann-Whitney U-test), and 
suggests some lipid loss, but demonstrates that the bound lipids were not extracted. 
Since there were two steps to this lipid extraction protocol, the elutant from each was 
separately analysed by GC/MS for certain lipids. In the first step with the chloroform : 
methanol extraction, squalene, cholesterol and fatty acids C14:0, C15:0 and C16:0 were 
found (fig. 4.17). In the second step with the citric acid:ddH2O:chloroform extraction, 
the same fatty acids were found again (fig. 4.17). 
Next the treated hairs and untreated control hairs were imaged using FLIM to see if 
there was an effect from the removal of those lipids on the fluorescence lifetime. The 
images in figure 4.18 show two longitudinal hairs and two transverse hairs excited with 
each laser, one control and lipid extracted sample hair of each. The longitudinal hairs 
were paired, so the sections of the same hair could be compared untreated against 
treated. Each image also has a corresponding graph of the frequency of lifetimes, with 
the pink lines denoting the lower and upper lifetime limits. The longitudinal image of 
the control hair cuticle excited with 470nm shows it has a lower lifetime limit of 3.460ns 
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 and an upper lifetime limit of 4.194ns. Compare this to the treated sample hair cuticle 
excited with 470nm which has a very similar lower lifetime limit of 3.250ns and an upper 
limit of 4.194ns. This trend is the same for the other control and sample hairs in this 
figure. Despite losing some lipids, the lifetimes of the hairs have not been overly 
affected, and the images along with the graphs show that the distribution of the 
fluorescence lifetimes in the hair has not been changed by treatment. 
A box and whisker plot shows how the average lifetime medians and ranges change after 
treatment using 470nm excitation (fig. 4.19A). Studying the hair as a whole there is little 
difference between the control and sample hairs (p=0.716, Mann-Whitney U-test), 
bearing in mind the truncated y-axis may visually exaggerate the variability of the 
results. If looking at the cuticle in particular, the lifetimes of the treated hairs all fall 
within the range of lifetimes of the control hairs, suggesting there has been little effect 
of the treatment on the hair cuticle (p=0.571, Mann-Whitney U-test). The lower 75% of 
lifetimes of the sample cuticles are below the top 50% of control cuticle lifetimes. The 
cortex measurements between control and sample hairs are very similar (p=1.0, Mann-
Whitney U-test). Conversely, the medulla measurements had a greater range in the 
control than in the sample (p=1.0, Mann-Whitney U-test). However, variation between 
hairs may occur as this data was taken from transverse optical sections where the hair 
compartments could be clearly separated. The same hairs were then excited with 
640nm to see whether it would show changes in other fluorophores (fig. 4.19B). Here 
there appeared to be more difference between the control and lipid extracted sample 
hairs than when using 470nm excitation. There is a general trend showing the lipid 
extracted sample lifetimes are lower than the control lifetimes, for the cuticle (p=0.227, 
Mann-Whitney U-test), cortex (p=0.622, Mann-Whitney U-test), and medulla (p=0.773, 
Mann-Whitney U-test). In the cuticle, the lower 50% of the sample lifetimes are lower 
in value than the lowest quartile of control cuticle lifetimes. Again, this is true in the 
cortex, although the highest quartile of lipid extracted sample lifetimes are larger in 
value than the lifetimes of the control hairs. This is once again true in the medulla, and 
the higher 50% of control medulla lifetimes are higher than those of the lipid extracted 
sample. 
The effect of removing the soluble lipids on the individual cuticle cell layers after 
treatment was measured when hairs were excited with 470nm (fig. 4.19C). There was 
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 much cross-over of lifetimes between the control and lipid extracted sample hairs. For 
all hairs, both controls and lipid extracted samples, the cuticle lifetime decreased with 
cuticle cell layer radiating out of the hair, except for one control hair and one lipid 
extracted sample hair. This lipid extracted sample hair had lifetimes where the outer 
cuticle cell lifetime was lower than the innermost cuticle cell lifetime, but the cells in the 
middle of the cuticle had higher lifetimes. The control cuticle simply increased in lifetime 
in the direction of the cuticle cell layer radiating out of the hair. Figure 4.19D shows the 
same hairs but with 640nm excitation. As shown by the previous box and whisker plot 
(fig. 4.19B), the cuticle lifetimes were lower for the lipid extracted sample than the 
control hairs. Two thirds of the lipid extracted sample and control cuticles increased in 
lifetime with cuticle cell layer. One control hair cuticle decreased in lifetime and another 
stayed constant. The lowest two lifetimes were those of the lipid extracted sample hairs, 
the lowest of which decreased in lifetime with cuticle cell layer, and the other first 
increased and then decreased in lifetime. 
Paired controls with treated samples take into account variation between hairs. The 
results showed that when excited with 470nm (fig. 4.20A) the average cuticle lifetime 
was shown to be significantly lower than or equal to cortex lifetime, for both control 
(p<0.001, Wilcoxon paired test) and lipid extracted sample hairs (p<0.001, Wilcoxon 
paired test), as it was in the previous lipid extraction method. The lifetime range of the 
cuticles significantly increased after treatment in all lipid extracted sample hairs 
(p<0.001, Wilcoxon paired test), and the lifetime range of the cortex significantly 
increased or stayed constant after treatment (p<0.001, Wilcoxon paired test). Figure 
4.20B shows the same hairs excited with 640nm. Opposite to what was found when 
excited with 470nm, with 640nm excitation the average cuticle lifetime was higher than 
the average cortex lifetime for all hairs, for control (p<0.001, Wilcoxon paired test) and 
treated sample hairs (p<0.001, Wilcoxon paired test), as it was in the previous lipid 
extraction experiment. Comparing the control hairs with the lipid extracted sample 
hairs, with the exception of hair 14 where the sample cortex lifetime increased, the 
average cuticle and cortex lifetimes either decreased or stayed the same after treatment 
(p>0.2 for both cuticle and cortex, Wilcoxon paired test). 
In conclusion, treatment of hairs with the stratum corneum lipid extraction method 
resulted in slightly lower cuticle lifetimes than control hairs, particularly when excited 
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 with 640nm (p=0.0566, Mann-Whitney U-test). The average cuticle lifetime decreased 
by 0.12ns from 2.30ns to 2.18ns after treatment; a slightly smaller decrease than in the 
Wertz and Downing lipid extraction method where the decrease was by 0.18ns. This may 
have been because more soluble lipids were extracted in the Wertz and Downing 
method. The soluble lipids were extracted over four days in the Wertz and Downing 
method, whereas they were only extracted over two hours in the stratum corneum lipid 
extraction method. For 470nm excitation the average cuticle lifetime decreased by 
0.07ns from 3.81ns for control hairs to 3.74ns for lipid extracted sample hairs (p=0.710, 
Mann-Whitney U-test), which was a larger decrease than with the Wertz and Downing 
method. This may have been because in addition to the fatty acid C16:0 extracted in the 
Wertz and Downing method, fatty acids C14:0 and C15:0 were also extracted in the 
stratum corneum lipid extraction method. The range of the cuticle lifetimes increased 
after treatment with 470nm excitation (p<0.001, Wilcoxon paired test), as it did in the 
Wertz and Downing lipid extraction, so the lipid extraction may have slightly affected 
the distribution of lifetimes. 
4.3.5.3. CTAB lipid extraction method 
This method was chosen as the first two methods mainly remove soluble lipids, whereas 
this method also removes the covalently bound 18-methyleicosanoic acid (18-MEA) 
from the outer β-layer of the cuticle cell CMC (Smith et al., 2010). This method involved 
incubating hair with CTAB under alkaline conditions in the first step, rinsing the hair with 
water in the second step, acidifying the hair in acetic acid and isopropanol in the third 
step, and finally rinsing the hair in water in the fourth step. First the treated hair was 
stained with 0.6mg/ml Nile red, and figure 4.21 shows maximum projections of the 
control and treated hair. The treated hairs were less strongly stained than the control 
hairs, with fluorescence intensity measurements of 10.8 and 69.3 respectively 
(p=0.0222, Mann-Whitney U-test), suggesting lipids had been lost during treatment. 
To confirm the loss of some lipids, GC/MS analysis was carried out on the elutant of each 
step. Figure 4.22 shows the first two steps contained the treatment chemical CTAB. The 
third acidifying step contained fatty acids, squalene and cholesterol, and the final step 
also contained squalene and cholesterol. Although 18-MEA was not found in the elutant, 
this may have been down to the large relative amounts of CTAB, squalene and 
cholesterol found, and contaminants and noise make it difficult to identify smaller 
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 peaks, although 18-MEA should account for approximately 40% of total fatty acids 
(Wertz and Downing, 1989). Therefore, it is possible that the 18-MEA was simply not 
detected by our GC/MS method or system. Smith et al., 2010 has shown that this 
method is able to remove 18-MEA from wool, and with the significant fluorescence 
lifetime changes, it is likely 18-MEA has been removed by the replication of the method 
here. In future experiments, an 18-MEA standard should be used to test whether it is 
detectable in the GC/MS system and method. 
The treated and control hairs were then imaged using FLIM. Figure 4.23 shows some of 
the images taken and their corresponding lifetime frequency graphs. These images show 
that the CTAB method gave the most striking changes of all the lipid extraction methods. 
The longitudinal image of the control cuticle excited at 470nm had a lower lifetime limit 
of 3.355ns and an upper lifetime limit of 4.089ns. After treatment this same hair had a 
lower lifetime limit of 2.097ns and an upper lifetime limit of 2.621ns. This decrease in 
lifetime after treatment holds true for the other lipid extracted samples in figure 4.23. 
For the longitudinal paired control and lipid extracted sample hairs excited with 470nm 
there was a significant difference in lifetime post-treatment for the cuticle (p<0.001, 
Wilcoxon paired test) and cortex (p<0.001, Wilcoxon paired test). For the same hairs 
excited with 640nm there was also a significant difference in lifetime post-treatment for 
the cuticle (p<0.001, Wilcoxon paired test) and cortex (p<0.001, Wilcoxon paired test). 
The transverse images have had their colour spectrum changed so that they are 
comparable to each other. For the transverse hairs, the control hairs appeared yellow 
with a lifetime of 4.04ns whereas the lipid extracted sample hairs were green, denoting 
a lower lifetime of 3.36ns. Changes to the hair structure can also be observed. The 
longitudinal section of the control hair cuticle had clearly defined cuticle cells, whereas 
the treated hair did not. In the longitudinal section of the control cortex the cuticle along 
the edge of the hair was easily definable, flecked with blue zones of 3.57ns when excited 
with 470nm and red/yellow of 2.52ns when excited with 640nm. Following treatment, 
lifetimes within the cuticle layers became homogenous with lifetimes of 2.36ns with 
470nm excitation and 1.78ns with 640nm excitation, and the cuticle was no longer 
clearly definable by its distinctly different lifetime to the cortex. After treatment the 
paired longitudinal hairs have also experienced an increase in the mode lifetime 
frequency, denoted by the y-axis of the graphs, by 3.3 and 2.5 M.counts for the 470nm 
excited cuticle and cortex respectively, and by 0.9 and 2.5 M.counts for the 640nm 
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 excited cuticle and cortex respectively. This indicated an increase in the 
autofluorescence of the hair which may have been brought about by chemical changes 
in the hair from the treatment. 
The box and whisker plot of control and lipid extracted sample hairs excited with 470nm 
(fig. 4.24A) showed that none of the control hair lifetimes overlap with the lipid 
extracted sample hair lifetimes, with the exception of the medulla which was only 
possessed by two sample hairs. The lifetimes of the hair were much lower after 
treatment for both the cuticle and cortex measurements (both p=8.0x10-3, Mann-
Whitney U-test). For the hair cuticles there was a difference in lifetime between the 
closest control and lipid extracted sample cuticles of 0.79ns and a difference in median 
values of 1.34ns. For the hair cortices there was a difference in lifetime between the 
closest control and sample cortices of 0.26ns and a difference in median values of 
0.71ns. Figure 4.24B shows the same hairs excited by 640nm. Again the treated hairs 
had much lower lifetimes than the control hairs for both the cuticle (p=7.70x10-3, Mann-
Whitney U-test) and cortex (p=8.0x10-3, Mann-Whitney U-test) measurements, and no 
lifetimes overlap between the groups with the exception of the medulla. For the hair 
cuticles there was a difference in lifetime between the closest control and lipid extracted 
sample cuticles of 0.63ns and a difference in median values of 0.94ns. For the hair 
cortices there was a difference in lifetime between the closest control and sample 
cortices of 0.11ns and a difference in median values of 0.43ns. 
Next the individual cuticle layers radiating out of the hair from the cuticle-cortex border 
to the hair surface for 470nm excited hair were studied to evaluate their lifetime 
changes (fig. 4.24C). As expected from figure 4.24A, there was complete separation 
between the control and lower lifetime lipid extracted sample hairs, even taking into 
account lifetime increases and decreases with cuticle layer. Of the treated hairs, two of 
the cuticle cell lifetimes increased with cuticle layer radiating out of the hair, and three 
of the cuticle lifetimes decreased. In contrast, all of the control hair cuticle lifetimes 
decreased with cuticle layer radiating out of the hair. Since both groups of hairs 
originated from the same batch, this meant that the treatment had changed the nature 
of the cuticle cells more than simply lowering the lifetimes of them all. Figure 4.24D 
shows the same hairs excited with 640nm. Again there was a large lifetime gap between 
the control cuticle layers and the lower lifetimes of the lipid extracted sample cuticle 
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 layers. All of the lipid extracted sample lifetimes increased or stay constant with cuticle 
layer radiating out of the hair. All of the control lifetimes increased or stayed constant 
too, with the exception of one hair, showing that with 640nm the treatment also had an 
effect upon the lifetime of the cuticle layers. 
To take into account hair-to-hair variation, paired controls and lipid extracted samples 
were compared. The lifetime ranges and averages of hair excited by 470nm in 
longitudinal section (fig. 4.25A), show that the treated hairs had lower lifetimes than 
their paired control hairs for both the cuticle (p<0.001, Wilcoxon paired test) and cortex 
(p<0.001, Wilcoxon paired test) measurements, and the only overlap between lifetimes 
was the cortex of hair 59. Figure 4.25B shows the same hairs excited by 640nm. Here 
however, there was overlap between the control and lipid extracted sample hairs, 
although the average lifetimes of the lipid extracted sample hairs were always lower for 
both the cuticle (p<0.001, Wilcoxon paired test) and cortex (p<0.001, Wilcoxon paired 
test) measurements. Interestingly, the lifetime range of the lipid extracted sample hairs 
was much smaller than their counterpart control hairs for both the cuticle (p<0.001, 
Wilcoxon paired test) and the cortex (p<0.001, Wilcoxon paired test) when excited with 
640nm. 
In conclusion, treatment of hairs with the CTAB lipid extraction method resulted in much 
lower lipid extracted sample cuticle lifetimes than control hairs when excited with both 
470nm (p=1x10-4, Mann-Whitney U-test) and 640nm (p=1x10-4, Mann-Whitney U-test). 
With 470nm excitation the cuticle lifetime of all hairs in the experiment decreased by an 
average of 1.18ns from 3.75ns to 2.57ns after treatment. This was a larger decrease in 
lifetime than both the stratum corneum lipid extraction method and the Wertz and 
Downing lipid extraction method. For 640nm excitation the cuticle lifetimes decreased 
by an average of 0.81ns from 2.54ns for control hairs to 1.73ns for lipid extracted sample 
hairs. This was also a larger decrease in lifetime than the previous two methods. The 
cuticle was also affected by the lifetime range (p<0.001, Wilcoxon paired test), which 
decreased after excitation with 640nm, and was more pronounced than it was with the 
stratum corneum lipid extraction method when excited with 640nm. These greater 
differences in cuticle lifetime after treatment with the CTAB lipid extraction method 
compared to the previous lipid extraction methods are likely due to the extraction of 18-
MEA from the outer β-layer of the cuticle CMC (Smith et al., 2010). It is unlikely that it is 
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 the lipid which is producing the fluorescence, but its presence clearly has an effect on 
the chemical environment that the fluorophore inhabits, and as such the lifetime 
changes. 
4.3.5.4. Potassium thioglycolate treated hair 
In this method hairs were treated with 45mM potassium thioglycolate and 47mM 
calcium hydroxide. This is a x10 dilution of a commercial depilatory treatment, diluted 
so that the hair structure remains intact for FLIM imaging. The potassium thioglycolate 
was used to break disulphide bonds within the hair and was investigated as to how this 
affected the cuticle lifetime. Reducing the disulphide bonds could change the 
fluorescence lifetimes because of the change in the chemical environment of the hair 
with the creation of thiol groups. 
FLIM images were taken of the control and treated sample hair and their corresponding 
lifetime frequency graphs, some of which are shown in figure 4.26. The paired 
longitudinal control and treated sample hairs did not appear very different from one 
another, either in the scaling of lifetime colours of the hairs or in the lifetime frequency 
graphs. The transverse images have had their colour spectrum changed so that they are 
comparable to each other. Although the images for the 470nm excited transverse 
section hairs were very similar, the treated sample hair had a slightly yellower lifetime 
colour mapped cuticle, showing it had a slightly higher cuticle lifetime of 4.14ns than the 
control hair of 3.98ns. The images of the 640nm excited hair also appeared similar in 
lifetime colouration, although the treated sample hair had a slightly redder cuticle, 
showing it had a slightly higher cuticle lifetime of 2.60ns than the control hair of 2.28ns. 
This shows that both lasers produce an increase in cuticle lifetime after treatment. 
A box and whisker plot of control and treated sample hairs excited with 470nm (fig. 
4.27A), showed the treated sample hairs all had a higher median lifetime than the 
control hairs for all parts of the hair. However, there was also overlap between the 
control and treated sample lifetimes, unlike in the CTAB method. The median 50% of the 
treated sample hair cuticles had higher lifetimes than all of the control hair cuticle 
lifetimes (0.1<p<0.2, Wilcoxon paired test). There was less of a difference between the 
hair cortices (p>0.2, Wilcoxon paired test), as the median 50% of treated sample hair 
cortices only had lifetimes higher than the top 50% of the control hair cortex lifetimes. 
Figure 4.27B shows the same hairs excited with 640nm. There was a more striking 
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 difference between the cuticle and the cortex of the hairs here, as the cuticles had much 
higher lifetimes than the cortices (p<0.001, Wilcoxon paired test). Again, the median 
50% of the treated sample hair cuticles had higher lifetimes than all of the control hair 
cuticle lifetimes. However, the lower quartile of the treated sample hair cuticle lifetimes 
overlapped with the whole of the control hair cuticle lifetimes. The treated sample hair 
cortex lifetimes were mostly slightly lower than those of the control hairs (p>0.2, 
Wilcoxon paired test), with the median 50% of sample cortex lifetimes overlapping with 
the lower 50% of the control cortex lifetimes. 
The lifetimes of the individual cuticle cell layers radiating out of the hair from the cortex 
to the hair surface were measured for 470nm excited hair (4.27C). With the exception 
of one control and one treated sample hair with much lower lifetimes that were likely 
to be from the same hair, there is overlap between the two groups. Most of the treated 
sample hairs had higher lifetimes than the other control hairs. All of the control cuticle 
cell layers decreased in lifetime, whereas only two of the treated sample hairs decreased 
in lifetime, showing the cuticle lifetimes have been affected. Figure 4.27D shows the 
same hairs excited with 640nm excitation. Again, there was much overlap between the 
two groups, with the exception of one outlier hair where the control half of the hair and 
the treated sample half of the hair had much lower lifetimes. These outlier hairs may 
have been treated differently prior to collection for the experiment, such as in their daily 
hair care regime, which may have affected the chemical environment of the cuticle. The 
treated sample cuticle cells in the direction radiating out of the hair from the cuticle-
cortex border to the hair surface increased in lifetime. The same is true for all but one 
of the control cuticle cell layers which decreased in lifetime, suggesting a possible effect 
of the potassium thioglycolate on the lifetimes of the individual cuticle cell layers. 
The lifetime ranges and averages of hair excited by 470nm in longitudinal section of 
paired hairs of controls and treated samples were compared (fig. 4.28A). In all of the 
hairs, the cuticle of the treated sample hair had a significantly higher lifetime than the 
cuticle of the same hair but untreated (p<0.001, Wilcoxon paired test). The cortices of 
the treated sample hairs also had higher than or equal to lifetimes than the control hair 
cortices (p<0.001, Wilcoxon paired test). There was no difference in the range of the 
lifetimes between control and treated sample hairs. Figure 4.28B shows the same hairs 
excited with 640nm. Again, all of the treated sample hairs had significantly higher 
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 lifetimes than the paired control hairs for both the cuticle (p<0.001, Wilcoxon paired 
test) and cortex (p<0.001, Wilcoxon paired test). The lifetime range of the treated 
sample cuticles (averaged 0.75ns) was smaller than or equal to the lifetime range of the 
control cuticles (averaged 1.08ns) (p=0.0525, paired t-test). 
In conclusion, treatment of hairs with 45mM potassium thioglycolate resulted in 
significantly higher cuticle lifetimes than control hairs for both 470nm (0.01<p<0.02, 
Wilcoxon paired test) and 640nm (p=0.201, p=0.222, normality tests for control hairs 
and treated hairs respectively; p=0.0276, paired t-test) excitation. In the previous three 
lipid extraction experiments, the lifetimes decreased on average. With 470nm excitation 
the average cuticle lifetime of all hairs in the experiment increased on average by 0.19ns 
from 3.81ns to 4.00ns after treatment. For 640nm excitation the cuticle lifetimes 
increased on average by 0.16ns from 2.34ns for control hairs to 2.50ns for treated 
sample hairs. The cuticle was also affected by the lifetime range, which decreased after 
excitation with 640nm from an average of 1.08ns for the control hair cuticles to 0.75ns 
for the treated hair cuticles (p=0.0525, paired t-test), as it did in the stratum corneum 
and CTAB lipid extraction methods. These lifetime changes may have occurred due to 
the reduction of disulphide bonds in the KIFs and matrix in the cuticle cells, resulting in 
a change to the chemical environment or to fluorophores. 
All of the four treatments to the hair changed the lifetime of the cuticle but to differing 
degrees. Figure 4.29 shows a graph of the average lifetimes for each treatment and each 
laser excitation. In ascending order for the hair cuticle excited with 470nm (fig. 4.29A), 
the Wertz and Downing method changed the average lifetime by 0.01ns; the stratum 
corneum method changed the average lifetime by 0.07ns; the potassium thioglycolate 
method significantly changed the average lifetime by 0.19ns; and the CTAB method 
changed the average lifetime by a significant 1.18ns. In ascending order for the hair 
cuticle excited with 640nm (fig. 4.29B), the stratum corneum method changed the 
average lifetime by 0.12ns; the potassium thioglycolate method changed the average 
lifetime significantly by 0.16ns; the Wertz and Downing method significantly changed 
the average lifetime by 0.18ns; and again the CTAB method changed the average lifetime 
by a significant 0.81ns. These findings are summarised in figure 4.30. The CTAB method 
caused the largest lifetime change and decrease with treatment, but the potassium 
thioglycolate method caused the only increase in lifetime. It could be possible that a loss 
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 of lipid in the cuticle causes a decrease in lifetime, and a protein change in the cuticle 
causes an increase in lifetime. More specifically, the loss of covalently bound lipids and 
18-MEA from the cuticle cell CMC has a greater effect on the fluorescence lifetime than 
the loss of soluble lipids from the cuticle. 
4.3.6. Comparison between the fluorescence lifetimes of the cuticle, cortex and 
medulla 
After looking in detail at the fluorescence lifetimes of the cuticle, cortex and medulla, 
they were compared against each other. Figure 4.31A shows a box and whisker plot of 
the total scalp hair, cuticle, cortex and medullary lifetimes after excitation with 470nm. 
This shows that the median 50% of lifetimes overlapped for each part of the hair, though 
the cortex had the highest median value. The cuticle had the largest range of lifetimes, 
though the medulla which had the shortest range of lifetimes had a median 50% of hairs 
which covered the largest range of all the hair compartments. For the same hairs excited 
with 640nm, figure 4.31B shows that while the median 50% of lifetimes of the cortex 
and medulla overlapped, the median 50% of cuticle lifetimes were higher with a median 
lifetime of 2.36ns. The cuticle again had the longest range of lifetimes. 
For the average lifetimes of the same hairs excited with 470nm (fig. 4.31C), the cuticle 
had the lowest average lifetime and the cortex had the highest, though there is no 
significant difference between the lifetimes (p=0.086, Kruskal-Wallis test). For the same 
hairs excited with 640nm (fig. 4.31D), the cuticle had a significantly higher average 
lifetime than the cortex and medulla (p=7.96x10-9, Kruskal-Wallis test). There was no 
significant difference between the lifetimes of the cortex and medulla. 
4.3.7. Beard hair lifetimes compared to scalp hair lifetimes 
The lifetimes of beard hairs at the cuticle, cortex and medulla were then measured to 
compare them against those of scalp hair. The average lifetimes of beard hairs excited 
with 470nm (fig. 4.32A) were not significantly different from one another and averaged 
3.41ns, with an average cuticle lifetime of 3.54ns, cortex lifetime of 3.46ns and medulla 
lifetime of 3.64ns. This was a similar result to the scalp hair comparison which averaged 
3.72ns, with an average cuticle lifetime of 3.59ns, cortex lifetime of 3.78ns and medulla 
lifetime of 3.68ns. The same hairs were excited with 640nm (fig. 4.32B), and although 
there was no significant difference between the results (p=0.492, Kruskal-Wallis test), 
the cuticle did have the highest average lifetime as it did in the scalp hair samples. The 
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 lifetime with 640nm excitation of the total beard hair averaged at 2.55ns, with an 
average cuticle lifetime of 2.73ns, cortex lifetime of 2.30ns and medulla lifetime of 
2.28ns. This was a similar result to the scalp hair comparison which averaged 1.96ns, 
with an average cuticle lifetime of 2.35ns, cortex lifetime of 1.91ns and medulla lifetime 
of 1.97ns. The differences in lifetime between beard hair and scalp hair were not 
significant, contributed to by the fact that the beard hair lifetimes had a larger range 
than those of the scalp hairs. 
Following this analysis, an investigation was carried out into the lifetimes of the beard 
hair compartments at the root of the hair below the skin interface, mid-way along the 
hair above the skin interface and at the distal tip of the hair. This was done to determine 
whether FLIM could be used as a marker for hair below the skin interface, and could be 
of interest to the hair care industry when researching mechanical depilatories. Figure 
4.32C shows the average lifetimes of these areas excited by 470nm. Although no areas 
were significantly different (p=0.315, Kruskal-Wallis test), the average lifetimes of the 
cuticle and cortex in the root of the hair were higher than those of the hair above the 
skin interface. When the same hairs were excited with 640nm (fig. 4.32D), the same 
observations were made, with no significant differences but a higher cuticle average 
lifetime in the hair root (p=0.575, Kruskal-Wallis test). 
4.3.8. Limited lifetime changes along the hair length 
Following the lifetime measurements of the beard hair above and below the skin 
interface, the same measurements were carried out on plucked scalp hair for 
comparison. Figure 4.33A shows these hairs excited with 470nm, which gave the same 
results as for beard hair though with more variability. There was no significant difference 
between the areas, and the measurements taken at the root of the hair had a higher 
average lifetime (p=0.870, Kruskal-Wallis test). When the same hairs were excited with 
640nm (fig. 4.33B) again there was no significant difference between the measurements 
(p=0.412, Kruskal-Wallis test). 
Following this initial work, it was of interest to take further FLIM readings along the 
length of the hair. This was done for two purposes, firstly for biological interest to see 
whether there were any lifetime changes along the hair length, especially taking into 
account wear during the growth of long hair, such as from combing and UV damage 
(Marsh et al., 2015). Secondly to see whether it would matter that the samples taken 
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 throughout this study are taken from random lengths of hair. Figure 4.34 shows the 
lifetime ranges of 3 hairs excited with 470nm with measurements taken every 2cm of 
the 12cm or 14cm length. In all hairs at all lengths along the hair the cuticle had a lower 
average lifetime than the cortex (p=0.000, Mann-Whitney U-test). There was little 
variation between the 2cm intervals within each hair and little difference between the 
lifetime ranges. 
4.3.9. Hairs in the telogen cycle phase have higher lifetimes than those in anagen 
Focussing on the root of the hair including the some of the matrix allowed distinctions 
to be made between the lifetime of hairs in the anagen and telogen hair cycle phases. 
Hairs in anagen phase were chosen for their dark clubs and telogen hairs for their white 
clubs, as melanogenesis halts after anagen and the fully differentiated melanocytes on 
the hair bulb undergo apoptosis during catagen (Tobin et al., 1998). These differences 
could be exploited by using the fluorescence lifetimes as indicators of the hair cycle. 
Measurements were made of the hair shaft in the matrix, as it is here that growing 
anagen hairs may differ from resting telogen hairs, otherwise further along the hair 
length anagen hairs would appear the same as telogen hairs in the form of fully 
keratinised hair. Figure 4.35 shows the average lifetimes for these hairs excited with 
470nm and 640nm. The average lifetime of the telogen hair cortex was 3.13ns when 
excited by 470nm, which was significantly higher than that of the anagen hair cortex at 
2.82ns (p=0.057, p=0.171, normality tests for telogen and anagen hairs respectively; 
p=6.94x10-3, t-test). When the hairs were excited with 640nm there was no significant 
difference between the groups, but the telogen hairs still had a higher average lifetime 
than the anagen hairs of 2.25ns compared to 1.85ns (p=0.190, Mann-Whitney U-test). 
4.3.10. The uncharacterised hair and skin disorder 
Following the investigation into the uncharacterised hair and skin disorder in the 
previous chapter, FLIM was also carried out on the hairs to explore whether there was 
a difference between the fluorescence lifetimes of the hairs of the affected son and his 
unaffected parent’s hairs as controls. 
A box and whisker plot of the hairs excited by 470nm (fig. 4.36A) showed that there is 
no overlap between the cuticle lifetimes of the affected son and his parents. There was 
also no overlap between the median 50% of the affected son’s hairs lifetimes and those 
of his parents for the cuticle or the cortex. The parental control hairs were more similar 
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 to one another as the lifetime for the cuticle and cortex overlapped and the median 50% 
of lifetimes for the cortex for each parent is similar. The parental control hairs also had 
a much larger range in lifetimes than the affected hairs. The same hairs excited with 
640nm showed a similar result (fig. 4.36B); the median 50% of lifetimes of the affected 
hair cuticle and cortex were higher than the median 50% of lifetimes of the control hairs. 
There was less of a distinction using the 640nm excitation though as the lowest quartile 
of lifetimes from the affected hair and the highest quartile from the control hairs did 
overlap. 
After examining the range and medians of lifetimes the average lifetimes were 
investigated for further insight. Figure 4.36C shows the average lifetimes of the hairs 
excited with 470nm and figure 4.36D shows the same hairs excited with 640nm. For 
both excitation wavelengths, the average lifetime of the affected son’s hair was 
significantly higher than the average lifetime of the parental control hairs, for 470nm 
(cuticle: p=8.36x10-6 and cortex: p=3.40x10-5, Kruskal-Wallis test) and 640nm (cuticle: 
p=4.88x10-6 and cortex: p=1.40x10-5, Kruskal-Wallis test). The average lifetime of the 
affected son’s hair when excited with 470nm was 3.47ns for the cuticle and 3.81ns for 
the cortex, and when excited with 640nm it was 2.45ns for the cuticle and 2.19ns for the 
cortex. The average lifetime of the unaffected mother’s hair when excited with 470nm 
was 1.21ns for the cuticle and 1.37ns for the cortex, and when excited with 640nm it 
was 1.03ns for the cuticle and 1.02ns for the cortex. The average lifetime of the 
unaffected father’s hair when excited with 470nm was 1.69ns for the cuticle and 1.74ns, 
and when excited with 640nm it was 1.44ns for the cuticle and 1.35ns for the cortex. 
Although the hair from the unaffected father had a significantly higher average lifetime 
than that of the unaffected mother when excited with 640nm, there was a much greater 
difference between the parents’ and son’s hair. This highlights the dissimilarity between 
the unaffected control lifetimes and the affected hair lifetimes. 
The affected son’s hair had a higher fluorescence lifetime than his unaffected parents. 
A higher fluorescence lifetime was also observed in hairs which had fewer disulphide 
bonds caused by potassium thioglycolate treatment. This suggests the hair of the 
affected son may contain fewer disulphide bonds than his unaffected parents. The 
fluorescence lifetime of the affected son’s hair was not significantly different to the 
lifetime of thioglycolate treated hair when excited with 640nm for the cuticle or cortex, 
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 or for the cortex with 470nm excitation. This shows the similarity between the affected 
son’s hair and disulphide reduced hair. However, there was a significant difference for 
the lifetime of the cuticle with 470nm excitation between the affected hair, the 
potassium thioglycolate treated hair, and also CTAB treated hair (p=2.96x10-6, Kruskal-
Wallis test). There was a significant difference in the lifetime of the affected hair and 
CTAB treated hair both with 470nm (cortex: p=7.34x10-6, Kruskal-Wallis test) and 640nm 
excitation (cuticle: p=3.06x10-7, Kruskal-Wallis test; cortex: p=1.29x10-3, Kruskal-Wallis 
test). For the 640nm excited hair these significant differences were also present when 
compared to hair treated with the stratum corneum lipid extraction method. This 
suggests the hair of the affected son does not have fewer covalently bound lipids 
including 18-MEA compared to the unaffected parents. However, there were no 
significant differences in the fluorescence lifetimes between the affected son’s hair and 
hair treated with the Wertz and Downing lipid extraction method, for either laser at 
either the cuticle or cortex. This suggests the soluble lipid depleted hair and the affected 
son’s hair may be similar. 
The difference in fluorescence lifetimes between the affected son’s hair and the 
unaffected parents’ hair may be due to differences in the chemical environment of the 
hairs. The difference in chemical environment may be due to the affected son’s hair 
containing increased levels of covalently bound lipid, and high lipid levels were observed 
with Nile red staining in the previous chapter, but low soluble lipid levels. There may 
also be differences in the disulphide bonding within the KIFs and KAPs of the affected 
son’s hair. A poorly differentiated cuticle may have implications for the lipids and 
proteins within. 
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 4.4. Discussion 
Very little has previously been published on the use of FLIM to image the hair. Two 
papers have been published on using FLIM to distinguish between hair colours, but the 
images are of low resolution and do not go into detail regarding structures within the 
hair and neither study uses confocal microscopy (Ehlers et al., 2007; Krasieva et al., 
2012). Therefore, the results obtained in this project significantly advance the field. 
4.4.1. The cuticle has multiple fluorescence lifetimes 
The results showed that it was valid to image hairs using FLIM at an uncontrolled 
ambient room humidity, as there was little difference between the fluorescence 
lifetimes of hairs at different humidities. This means the water has little effect on the 
lifetime of hair when it is treated with water-containing depilatories. 
Any difference of beard hair compared to scalp hair may be of interest to the hair care 
industry for research into mechanical depilatories. However, little difference was found 
between the fluorescence lifetimes of the hairs from the different body sites. A similar 
average lifetime for the hair compartments between scalp and beard hair was found, 
but more beard hairs would be required to test whether the beard hair cuticle has a 
significantly higher lifetime when excited with 640nm as it does in scalp hair. 
Previously the hair cuticle had not been explored using FLIM and investigations have led 
to new insights into its structure and composition. FLIM experiments demonstrated that 
the cuticle cell layers have multiple fluorescence lifetimes, indicating that they are 
composed of multiple chemical environments, and a difference between the cuticle cell 
layers of untreated hair has not been previously reported. Four observable classes of 
cuticle population were found, those which had increasing or unvarying lifetimes, or 
decreasing lifetimes with cuticle cell layer radiating out of the hair, for each laser. The 
decreasing lifetime with excitation from both lasers was the predominant class. Through 
the use of chemicals to remove soluble and covalently bound lipids and to reduce the 
disulphide bonds in keratins, the CTAB lipid extraction method and potassium 
thioglycolate method caused significant changes in cuticle lifetime when excited with 
both lasers, and the Wertz and Downing lipid extraction method also caused significant 
changes when the hair was excited with 640nm. This suggests the cuticle lifetime 
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 changes could be due to covalently bound lipids, including 18-MEA, and keratin 
differences across the cuticle cell layers. 
The four possible types of cuticle stem from each laser exciting fluorophores differently, 
allowing further distinction than if only one laser was used. Interestingly, when the hair 
was excited with 640nm, the cuticle had the highest lifetime. This result agrees with 
previous research which found that the cuticle had a lifetime of more than 1ns whereas 
the cortex had a lifetime of less than 1ns, though longer excitation wavelengths were 
used along with a different FLIM technique (Ehlers et al., 2007), so the comparison is 
limited. The higher cuticle lifetime indicates that there is a molecule or a functional 
group in a molecule within the cuticle which is not present within the cortex or medulla 
that is contributing to this high lifetime. Covalently bound cross-linking within or 
between molecules may also contribute to the lifetime changes as spatial dynamics and 
therefore fluorescence are affected (Jachowicz and McMullen, 2011). Alternatively, it 
may be a molecule which is also present in the cortex or medulla, but is under different 
conditions and chemical environment in the cuticle and so has a different lifetime. The 
fatty acid 18-MEA is unique to the cuticle (Jones and Rivett, 1997; Swift, 1999), though 
amino acids found in the cuticle are also present within the cortex as are the majority of 
lipids (Bradbury et al., 1966; Robbins and Kelly, 1970; Wolfram and Lindemann, 1971; 
Swift and Bews, 1974; Wertz and Downing, 1988; Masukawa et al., 2005b), so it may be 
the cuticle chemical environment causing a difference in lifetime. 
The reducing agent potassium thioglycolate reduced disulphide bridges in the keratin of 
the hair and caused a significant change in lifetime. The keratins in the cuticle are K32, 
K35, K39, K40, K82, K85 (Langbein et al., 2010), so it is these which may have been 
affected. Previous research using pure artificial keratin from Sigma found it has a lifetime 
of 1.4ns, though different excitation wavelengths were used (Ehlers et al., 2007). 
Keratin is autofluorescent due to its constituent tryptophan and its oxidised metabolites, 
N-formylkynurenine, kynurenine and 3-hydroxykynurenine, as well as cystine and 
tyrosine (Jachowicz and McMullen, 2011). Tryptophan fluorescence is strongest when it 
is located more than 1nm from the quenching effect of a cystine disulphide bond, or 
from amino acid side chain groups including glutamine, glutamate, aspargine, aspartate, 
and lysine (Jachowicz and McMullen, 2011). So the use of thioglycolate to reduce the 
disulphide bonds is likely to have an effect upon the protein interactions in the hair and 
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 lead to a different fluorescence lifetime. Additionally, the removal of lipids including 18-
MEA from the cuticle may have affected protein-protein interactions including that of 
tryptophan and its oxidised metabolites, and also hydrogen bonding (Jachowicz and 
McMullen, 2011). The change in protein-protein interactions, hydrogen bonding and the 
loss of lipids alters the space and mobility between the proteins and therefore has the 
potential to change the fluorescence lifetimes. 
In conclusion, the cuticle cell layers may be different due to covalently bound lipids and 
keratin proteins, and there may be four observable classes of hair cuticle resulting from 
this. This work may be of interest biologically and to industry as another parameter to 
measure hair damage. 
4.4.2. The cortex contains many areas of differing fluorescence lifetime 
As the FLIM investigation moved into the next compartment of the hair, the cortex was 
found to have several points of interest. Fluorescence lifetime tended to increase with 
depth into the cortex. Towards the centre of the hair there are more glycine/tyrosine 
keratin associated proteins (KAPs) (Shimomura and Ito, 2005), whereas the outer cortex 
has steryl glycoside-like lipids containing N-acetylglucosamine (Takahashi and Yoshida, 
2014). The presence of compounds such as these in different depths through the cortex 
may account for the differing lifetimes. 
Cortical cells were found to have low lifetimes when excited with 640nm, and a lack of 
lifetime when excited with 470nm. The spindle shapes could be distinguished from one 
another, which suggests the CMC between cortical cells are not contributing to the low 
lifetime. The low lifetime may be due to the 640nm wavelength exciting the keratins 
within the cortical cells. When Ehlers et al. excited pure artificial keratin with 720-930nm 
they found a low lifetime of 1.4ns, and here 640nm excitation of the hair in figure 4.6C 
gave the cortical cells a low lifetime of 1.68ns. 
Within the cortical cells the organelle remnants were distinguishable. Interestingly they 
mostly had the same lifetime of 3.83ns for 470nm and of 2.04ns for 640nm excitation, 
suggesting the organelle remnants of the same lifetime are of the same chemical 
environment and may therefore be from the same type of organelle. The uppermost 
circled remnant in figure 4.6B had a lower lifetime than the other organelles, and may 
therefore be of a different origin. Variety could be provided by the double membrane of 
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 the nucleus or mitochondria or the lower pH compared to other organelles of the 
lysosomes and late endosomes. FLIM may provide a method to help distinguish nuclear 
remnants from melanosome remnants and other organelle remnants. 
The cortex is where the majority of melanin granules are found. In this study the white 
hair had a higher fluorescence lifetime compared to the coloured hairs when excited 
with 640nm. This may be due to the difference of the eumelanin and pheomelanin 
granules in the coloured hair. Further clarity would be required by using a larger sample 
batch of hair colours to see if this difference is statistically valid and whether the 
difference can be distinguished using excitation from 470nm and 640nm. Although this 
result may show that distinguishing between the hair colours by using fluorescence 
lifetimes may only be possible using the longer wavelengths, as past research has only 
achieved this using excitation wavelengths of 615nm and longer (Ehlers, 2007; Krasieva, 
2012). 
4.4.3. The autofluorescence of the medulla may be linked to its fluorescence lifetime 
At the centre of some hairs a medulla can be found, and in the previous chapter the 
405nm induced autofluorescence of the medulla was shown to vary. Using FLIM, it 
seemed that the more autofluorescent the medulla, the higher its fluorescence lifetime, 
a phenomenon observed with both 470nm and 640nm. The lifetime change is not simply 
a result of autofluorescence alone, as other highly autofluorescent structures in the hair 
do not follow suit. For instance, the highly autofluorescent organelle remnants only have 
mid-range lifetimes. Therefore, this phenomenon may be due to a higher level of 
autofluorescent lipids in some hair medullas than others (Kreplak et al., 2001a), which 
may be affecting the chemical environment and therefore the fluorescence lifetime of 
the fluorophores in the medulla. 
4.4.4. Few fluorescence lifetime changes along the length of hair 
The average lifetime of hair excited with 470nm above and below the skin interface 
differed but was not significantly different. The average lifetime of the root of the hair 
below the skin was higher than the hair measurements taken above the skin. This was 
true for both scalp and beard hair. More samples would be necessary to further test any 
significance in this difference. To be able to distinguish hair from above and below the 
skin interface would be useful in research interested in the follicle and proximal end of 
hair. Alternatively, as these results suggest, hair protected under the skin does not have 
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 a different chemical environment to hair exposed to the outside environment, and may 
have implications for the hair care industry as hair above and below the skin interface 
could be treated similarly. 
As indicated by the prior measurements of the lifetimes of hair mid-way along its length 
and at the distal tip, the more in depth study imaging the hair at 2cm intervals showed 
there is little difference in lifetime along the length of the hair. This is despite changes 
in the hair structures observed along the length of the hair in the previous chapter. 
Changes may have been observed in the structure size, number and area when imaging 
utilising autofluorescence, but no lifetime changes were seen in the cuticle and cortex 
overall because concentration of the fluorophore does not affect the lifetime given 
through FLIM. This result is useful because it means measurements can safely be taken 
from random sections along the hair length without the lifetime being affected. 
4.4.5. Hairs in telogen have a higher fluorescence lifetime than hairs in anagen 
Focussing on the hair protruding from the matrix has shown that when excited with 
470nm, hairs in telogen have a significantly higher lifetime than hairs in anagen. When 
imaged with 640nm the difference was not significant but the average lifetime of 
telogen hairs was still higher. This shows the 470nm and 640nm wavelengths are 
exciting different fluorophores. The tissue surrounding the club hairs at the end of 
telogen could possess protease inhibitors which could change the fluorescence lifetimes 
through changing the hair structure and chemical environment (Higgins et al., 2011). 
The development of the trichilemmal keratin layer during late catagen, which is thought 
to secure the hair in place, means it would be present during telogen, but not anagen, 
and could provide another difference observed by FLIM between the telogen and 
anagen phase hair clubs (Higgins et al., 2009). A further difference in fluorescence 
lifetime could be provided by matrix metalloproteinases MMP-2 and MMP-9 which are 
raised in anagen (Hou et al., 2016). The difference may also be accounted for by the 
different environment, as anagen hairs have a dark club still attached with plentiful 
melanosomes and may affect the lifetime, as might ongoing processes such as 
keratinisation (Tobin et al., 1999; Langbein et al., 2001). The difference between the 
fluorescence lifetime of hairs in anagen and telogen may have medical uses for patients, 
and it could be possible to determine the hair cycle through the patient’s skin using 
FLIM. Such investigations may be made into patients with hair diseases such as 244 
 androgenetic alopecia which has a shortened anagen phase (Hibino and Nishiyama, 
2004), and loose anagen hair syndrome (Chapalain et al., 2002). It should be noted that 
in this study the hairs were plucked and fluorescence lifetimes may be different for hair 
embedded within the skin. 
4.4.6. FLIM can be used to indicate a hair disorder 
A significant difference in the fluorescence lifetime was found between the hair of the 
affected son with the uncharacterised hair and skin disorder, and that of his unaffected 
parents. Intriguingly, the affected son’s hair had normal fluorescence lifetimes 
compared to untreated Chinese scalp hair, whereas the unaffected parents’ hairs had 
unusually low lifetimes. This difference may be an aspect of ethnicity as hair structure 
and lipid composition may differ (Takahashi et al., 2006; Cruz et al., 2013), or an 
indicator of something unusual regarding the parents’ hair, although it is seen in both 
the mother and the father. Interestingly, the affected son’s hair showed the normal 
occurrence of the cuticle having a significantly higher lifetime than the cortex when 
excited with 640nm. Although the parents’ hair did have higher average lifetimes for the 
cuticle compared to the cortex for 640nm excited hair, it was not a significant difference. 
Therefore, it is important to use the unaffected parents’ hairs as controls. A clinical trial 
would be necessary to control for age, gender and ethnicity, though on a smaller scale 
samples from other unaffected family members with untreated hair or unrelated 
untreated hair of the same ethnicity and colour would additionally be useful to ensure 
the parents are not showing carrier phenotypes through the fluorescence lifetimes.  
Nevertheless, the whole of the hair of the affected son showed a significantly higher 
lifetime than the hair of his unaffected parents. This may be because his hair contained 
more lipids, as shown by the Nile red staining in figure 3.20A&B, possibly with more 
covalently bound lipids and fewer soluble lipids, and the lipid extractions have shown 
that lipids affect fluorescence lifetime. The cuticle lifetime may be affected by the 
possible poorly differentiated cuticle of the affected son’s hair. The chemical 
environment in the poorly differentiated cuticle cell may be different to that of the rest 
of the cuticle cell layers through changes in both the lipid composition and disulphide 
bonds within the KIFs and KAPs, causing a different lifetime. However, the lifetime of 
the cortex is also affected, suggesting it too may be different in some way undetected 
though confocal and TEM imaging, perhaps poorly differentiated too, as the mutated 245 
 gene involved in BMPR1A signalling affects hair follicle differentiation (Yuhki et al., 2004; 
Kwan et al., 2004; Andl et al., 2004; Kobielak et al., 2004; Genander et al., 2014). 
These results show that hairs could be imaged using FLIM to highlight differences 
between hairs and possibly diagnose diseases in the future.  
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Fig. 4.1. Jablonski diagram. S0 = singlet ground state; S1, 2 = increasing
energy electronic states; T1 = triplet state.
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Fig. 4.2. Fluorescence lifetime imaging with 470nm further
distinguishes structures in the hair showing the cuticle possesses
multiple lifetimes. Fluorescence intensity (405nm) and FLIM images of
optical longitudinal and transverse sections of the hair with 470nm
excitation, scale bars = 25µm for longitudinal sections and 10µm for
transverse sections. Representative photomicrographs for 36 imaged
hairs are shown.
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Fig. 4.3. Fluorescence lifetime imaging with 640nm further
distinguishes structures in the hair showing the cuticle possesses
multiple lifetimes. Fluorescence intensity (405nm) and FLIM images of
optical longitudinal and transverse sections of the hair with 640nm
excitation, scale bars = 25µm for longitudinal sections and 10µm for
transverse sections. An arrow in the bottom image shows cuticle layers
broken off. Representative photomicrographs for 36 imaged hairs are
shown.
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Fig. 4.4. Sandpapering away the cuticle removes the outer lifetimes.
Fluorescence intensity (405nm) and FLIM images of optical transverse
sections of the hair with 470nm and 640nm excitation, scale bars =
10µm. Representative photomicrographs for 10 imaged hairs are shown.
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Fig. 4.5. There are four observable classes of cuticle populations:
decreasing and increasing lifetimes for 470nm and 640nm excitation.
A) 470nm excitation of the cuticle showing the average cuticle lifetime
decreasing with cuticle layer. B) Corresponding FLIM image with C)
enlarged cuticle image. D) 470nm excitation of the cuticle showing the
average cuticle lifetime increasing or unvarying with cuticle layer. E)
Corresponding FLIM image with F) enlarged cuticle image. G) 640nm
excitation of the cuticle showing the average lifetime decreasing with
cuticle layer. H) Corresponding FLIM image with I) enlarged cuticle
image. J) 640nm excitation of the cuticle showing the average lifetime
increasing or unvarying with cuticle layer. K) Corresponding FLIM image
with L) enlarged cuticle image. Representative photomicrographs from
470nm (n=21) and 640nm (n=23) excited imaged hairs are shown. Scale
bars = 10µm.
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Fig. 4.6. FLIM images of the cortex. A) Transverse optical section of hair
showing how lifetimes can vary across the cortex. B) Transverse optical
section of hair with organelle remnants (circled). C) Longitudinal optical
section showing cortical cells (arrows) and a magnified cortical cell to
show the organelle remnant within. Representative photomicrographs
for 36 imaged hairs are shown. Scale bars = 10µm.
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Fig. 4.7. Fluorescence lifetimes of indicated hair colours. A) Average
lifetimes of hair excited with 470nm. The number of hairs examined for
each colour are white (n=2), blond (n=7), ginger (n=1) and dark (n=25).
B) Average lifetimes of hair excited with 640nm. The number of hairs
examined for each colour are white (n=1), ginger (n=1) and dark (n=13).
Error bars = +/- 2*SEM.
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Fig. 4.8. FLIM of transverse optical sections of the medulla. A) Highly
autofluorescent medulla. B) Slightly less autofluorescent medulla. C) The
least autofluorescent medulla. D) Medulla with similar autofluorescence
to the cortex. Representative photomicrographs for 19 imaged hairs are
shown. Scale bars = 10µm.
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Fig. 4.9. Average lifetimes of untreated Chinese head hair at 70%
humidity, ambient humidity and hydrated hair. A) Hairs excited with
470nm. B) Hairs excited with 640nm. Hairs at 70% relative humidity
(n=3), ambient humidity (n=3), hydrated (n=3). Error bars = +/- 2*SEM.
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Fig. 4.10. Nile red stained hairs treated with the Wertz and Downing
lipid extraction method. Untreated control hairs and sample hairs
treated with the Wertz and Downing lipid extraction method. Optically
sliced confocal images of 0.6mg/ml Nile red stained control and sample
hairs after treatment. Scale bars = 20µm.
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Fig. 4.11. GC/MS chromatograms of the hair elutant from each stage of
the Wertz and Downing lipid extraction method. GC/MS
chromatograms of each of the seven steps in the protocol showing the
main lipids present in the elutant from the treated hair.
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Fig. 4.12. Relative amounts of lipid extracted in each step of the Wertz
and Downing lipid extraction method. Relative amounts of lipid
extracted from treated hairs per step of the protocol of: A) fatty acid
16:0; B) squalene; C) cholesterol; D) C18:C16 ester; E) C18:C14 ester.
N.B. Comparisons cannot be made between the lipids as the different
species ionise to differing degrees. Error bars = +/- 2*SEM.
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Fig. 4.13. FLIM of hair treated with the Wertz and Downing lipid
extraction method. Untreated control hairs and sample hairs treated
with the Wertz and Downing lipid extraction method. Longitudinal
images show the same strand of hair which has been halved, with one
half as a control and the other undergoing treatment, showing FLIM of
the cuticle and cortex, as well as transverse sections of other hairs, for
470nm and 640nm excitation. Each image also shows a graph of the
frequency of lifetimes, x-axis = time (ns), y-axis = frequency (M.counts).
Representative photomicrographs for 11 control and 11 treated imaged
hairs are shown. N.B. The pink markers on the lifetime graphs indicate
the upper (red) and lower (blue) lifetime limits. Scale bars = 25µm.
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Fig. 4.14. Fluorescence lifetimes of hair treated with the Wertz and
Downing lipid extraction method. A) Box and whisker plot showing
how the average lifetimes change after treatment using 470nm
excitation. B) Box and whisker plot showing how the average lifetimes
change after treatment using 640nm excitation. C) 470nm excitation of
the cuticle showing how cuticle lifetime changes with cuticle layer after
treatment. D) 640nm excitation of the cuticle showing how cuticle
lifetime changes with cuticle layer after treatment. Control hairs (n=6),
treated hairs (n=6).
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Fig. 4.15. Range of fluorescence lifetimes of paired control hair and
sample hair treated with the Wertz and Downing lipid extraction
method. A) Lifetimes of hair excited by 470nm, in longitudinal section,
of paired controls compared to treated samples. B) Lifetimes of hair
excited by 640nm, in longitudinal section, of paired controls compared
to samples. Control hairs (n=5), treated hairs (n=5).
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Fig. 4.16. Nile red stained hairs treated with the modified method for
stratum corneum lipids. Untreated control hairs and sample hairs
treated with the stratum corneum lipid extraction method. Optically
sliced confocal images of 0.6mg/ml Nile red stained control and sample
hairs after treatment, scale bars = 10µm.
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Fig. 4.17. GC/MS chromatograms of the hair elutant from each stage of
the modified method for stratum corneum lipids. Untreated control
hairs and sample hairs treated with the stratum corneum lipid extraction
method. GC/MS chromatograms of the two steps in the protocol
showing the main lipids present. The chromatogram of the first step has
also been re-scaled to increase the size of peaks other than squalene.
N.B. Step two seems to affect the detector, with the way the signal
drops off to the baseline.
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Fig. 4.18. FLIM of hair treated with the modified method for stratum
corneum lipids. Untreated control hairs and sample hairs treated with
the stratum corneum lipid extraction method. Longitudinal images show
the same strand of hair which has been halved, with one half as a
control and the other undergoing treatment, showing FLIM of the cuticle
and cortex, as well as transverse sections of other hairs, for 470nm and
640nm excitation. Each image also shows a graph of the frequency of
lifetimes, x-axis = time (ns), y-axis = frequency (M.counts).
Representative photomicrographs for 11 control and 11 treated imaged
hairs are shown. N.B. The pink markers on the lifetime graphs indicate
the upper (red) and lower (blue) lifetime limits. Scale bars = 25µm.
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Fig. 4.19. Fluorescence lifetimes of hair treated with the modified
method for stratum corneum lipids. A) Box and whisker plot showing
how the average lifetimes change after treatment using 470nm
excitation. B) Box and whisker plot showing how the average lifetimes
change after treatment using 640nm excitation. C) 470nm excitation of
the cuticle showing how cuticle lifetime changes with cuticle layer after
treatment. D) 640nm excitation of the cuticle showing how cuticle
lifetime changes with cuticle layer after treatment. Control hairs (n=6),
treated hairs (n=6).
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Fig. 4.20. Range of fluorescence lifetimes of paired control hair and
sample hair treated with the modified method for stratum corneum
lipids. A) Lifetimes of hair excited by 470nm, in longitudinal section, of
paired controls compared to treated samples. B) Lifetimes of hair excited
by 640nm, in longitudinal section, of paired controls compared to
samples. Control hairs (n=5), treated hairs (n=6).
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CTAB lipid extracted treated samples
Fig. 4.21. Nile red stained hairs treated with the CTAB lipid extraction
method. Untreated control hairs and sample hairs treated with the CTAB
lipid extraction method. Optically sliced maximum projection confocal
images of 0.6mg/ml Nile red stained control and sample hairs after
treatment, scale bars = 10µm.
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Fig. 4.22. GC/MS chromatograms of the hair elutant from each stage of
the CTAB lipid extraction method. GC/MS chromatograms of each of
the four steps in the protocol showing the main lipids present.
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Fig. 4.23. FLIM images of hairs treated with the CTAB lipid extraction
method. Untreated control hairs and sample hairs treated with the CTAB
lipid extraction method. Longitudinal images show the same strand of
hair which has been halved, with one half as a control and the other
undergoing treatment, showing FLIM of the cuticle and cortex, as well as
transverse sections of other hairs which have been coloured to the same
scale, for 470nm and 640nm excitation. Each image also shows a graph
of the frequency of lifetimes, x-axis = time (ns), y-axis = frequency
(M.counts). Representative photomicrographs for 11 control and 11
treated imaged hairs are shown. N.B. The pink markers on the lifetime
graphs indicate the upper (red) and lower (blue) lifetime limits. Scale
bars = 25µm.
A213
B
C D
Fig. 4.24. Fluorescence lifetimes of hairs treated with the CTAB lipid
extraction method. A) Box and whisker plot showing how the average
lifetimes change after treatment, using 470nm excitation. B) Box and
whisker plot showing how the average lifetimes change after treatment,
using 640nm excitation. C) 470nm excitation of the cuticle showing how
cuticle lifetime changes with cuticle layer after treatment. D) 640nm
excitation of the cuticle showing how cuticle lifetime changes with
cuticle layer after treatment. Control hairs (n=6), treated hairs 470nm
(n=5), treated hairs 640nm (n=6).
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Fig. 4.25. Range of fluorescence lifetimes of paired control hair and
sample hair treated with the CTAB lipid extraction method. Untreated
control hairs and sample hairs treated with the CTAB lipid extraction
method. A) Lifetimes of hair excited by 470nm, in longitudinal section, of
paired controls compared to treated samples. B) Lifetimes of hair excited
by 640nm, in longitudinal section, of paired controls compared to
samples. Control hairs (n=5), treated hairs (n=5).
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Fig. 4.26. FLIM images of hairs treated with 45mM potassium
thioglycolate. Untreated control hairs and sample hairs treated with
45mM potassium thioglycolate (KTG). Longitudinal images show the
same strand of hair which has been halved, with one half as a control
and the other undergoing treatment, showing FLIM of the cuticle and
cortex, as well as transverse sections of other hairs which have been
coloured to the same scale, for 470nm and 640nm excitation. Each
image also shows a graph of the frequency of lifetimes, x-axis = time
(ns), y-axis = frequency (M.counts). Representative photomicrographs
for 11 control and 11 treated imaged hairs are shown. N.B. The pink
markers on the lifetime graphs indicate the upper (red) and lower (blue)
lifetime limits. Scale bars = 25µm.
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Fig. 4.27. Fluorescence lifetimes of hairs treated with 45mM potassium
thioglycolate. A) Box and whisker plot showing how the average
lifetimes change after treatment, using 470nm excitation. B) Box and
whisker plot showing how the average lifetimes change after treatment,
using 640nm excitation. C) 470nm excitation of the cuticle showing how
cuticle lifetime changes with cuticle layer after treatment. D) 640nm
excitation of the cuticle showing how cuticle lifetime changes with
cuticle layer after treatment. Control hairs (n=6), treated hairs (n=6).
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Fig. 4.28. Range of fluorescence lifetimes of paired control hair and
sample hair treated with 45mM Potassium thioglycolate. Untreated
control hairs and sample hairs treated with 45mM potassium
thioglycolate (KTG). A) Lifetimes of hair excited by 470nm, in longitudinal
section, of paired controls compared to treated samples. B) Lifetimes of
hair excited by 640nm, in longitudinal section, of paired controls
compared to samples. Control hairs (n=5), treated hairs (n=5).
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Fig. 4.29. Average lifetimes of the control and treated sample hair
cuticles with each method. A) Hair excited with 470nm. B) Hair excited
with 640nm. Each method examined 11 treated hairs and 11 control
hairs. Error bars = +/- 2*SEM.
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Fig. 4.30. Summary of the treatments to elucidate the multiple cuticle
lifetimes with the main extractions and the effect upon lifetime. A)
Wertz and Downing lipid extraction method. B) Stratum corneum lipid
extraction method. C) CTAB lipid extraction method. D) Potassium
thioglycolate treatment method.
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Fig. 4.31. Fluorescence lifetimes of the cuticle, cortex and medulla of
untreated Chinese scalp hair. A) Box and whisker plot of hair excited
with 470nm (n=38). B) Box and whisker plot of hair excited with 640nm
(n=36). C) Average lifetimes of hair excited with 470nm (n=38). D)
Average lifetimes of hair excited with 640nm (n=36). Error bars = +/-
2*SEM.
A B
C D
231
Fig. 4.32. Fluorescence lifetimes of untreated beard hair. A) Average
lifetimes of beard hair excited with 470nm (n=4). B) Average lifetimes of
beard hair excited with 640nm (n=4). C) Average lifetimes of the root,
mid-section and distal tip of 470nm excited beard hair (n=2). D) Average
lifetimes of the root, mid-section and distal tip of 640nm excited beard
hair (n=2). Error bars = +/- 2*SEM.
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Fig. 4.33. Fluorescence lifetimes of the root, mid-section and distal tip
of plucked scalp hair. A) Hair excited with 470nm (n=5). B) Hair excited
with 640nm (n=5). Error bars = +/- 2*SEM.
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Fig. 4.34. Fluorescence lifetime changes along the hair length of 3 hairs
excited with 470nm. The range of lifetimes from the cuticle and cortex
of each hair, taken at 2cm intervals.
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Fig. 4.35. Fluorescence lifetime differences with the hair cycle. Average
lifetimes of the hair emerging from the matrix of anagen (n=3) and
telogen (n=3) hairs. Error bars = +/- 2*SEM.
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Fig. 4.36. Fluorescence lifetimes of hair from the affected son with the
uncharacterised hair and skin disorder, and his unaffected parents as
controls. A) Box and whisker plot of 470nm excited hair. B) Box and
whisker plot of 640nm excited hair. C) Average lifetimes of 470nm
excited hair. D) Average lifetimes of 640nm excited hair. Affected son
(n=10), unaffected mother (n=11) and unaffected father (n=11). Error
bars = +/- 2*SEM.
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 5.1. Introduction 
5.1.1. Chemical depilation 
Chemical hair modification refers to the action of chemical depilatory treatments to 
change the structure and morphology of the hair. Commercial chemical depilatory 
treatments include Sally Hansen Facial Depilatory (Coty) and Veet HydroRestor (Reckitt 
Benckiser) which, like the majority of modern chemical depilatories, are based on 
thioglycolic acid (fig. 5.1A) as calcium thioglycolate and potassium thioglycolate 
respectively. It is important for the consumer for depilatories to have a short application 
time, and as such the treatments above are designed to break down the structure of the 
hair within four minutes. 
In this project the investigation into chemical depilatories is for hair removal purposes, 
though at lower pH and concentrations thioglycolate is also used for permanent hair 
waving. Hair removal may be required for many purposes, from cosmetics to treatment 
of hair disorders. With regards to hair disorders, patients troubled by hirsutism often 
use thioglycolate to temporarily relieve them of their symptoms (Richards et al., 1990; 
Fisher et al., 2006), and thioglycolate has been used as a therapy for pseudofolliculitis 
barbae for a more comfortable alternative to shaving (Bridgeman-Shah, 2004; Ribera et 
al., 2010). Thioglycolate is also used to treat hair tourniquet syndrome, wherein hair has 
wrapped itself around a digit or other extremity and caused oedema (Quinn, 1971; 
Alruwaili et al., 2015). Interestingly, it has been found that using thioglycolate to remove 
the hair of diabetic rats increases the absorption of insulin into the skin (Zakzewski et 
al., 1998; Kanikkannan et al., 1999; Rastogi and Singh, 2003). Thioglycolate has also been 
found to enhance the rate of drug penetration through the human stratum corneum 
(Lee et al., 2008). As rats have a higher follicular density than humans, the insulin may 
be entering the skin through the transfollicular route. However, in human skin the route 
is more likely to be transepidermal. The enhanced skin permeability is thought to occur 
through the impairment of the barrier function of the epidermis via changes to the 
secondary structure of proteins, reducing the disulphide bonds, and disruption of lipid 
hydrocarbons from the stratum corneum with disordering of the lamellar packing 
(Wahlberg, 1972; Suhonen et al., 1999; Rastogi and Singh, 2003; Lee et al., 2008). 
Although this finding benefits insulin delivery and may have implications for other 
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 percutaneous absorption studies, the use of depilatories in the general public could 
assist in greater penetration of toxic substances through the skin of the product 
consumers. 
The use of thioglycolate as a depilatory has caused some cases of irritation of the skin at 
the area of application, which may not be surprising since it impairs the barrier function 
of the stratum corneum. In the case of thioglycolate being used as a treatment for hair 
tourniquet syndrome, it would be important not to cause more irritation to already 
swollen and inflamed tissue. Chemical burns have been caused when instructions have 
not been followed and the depilatory has been kept on the skin for too long, and when 
the depilatory has breached the epidermis, such as where hairs have been pulled out 
during thioglycolate application (Haque and Al-Ghazal, 2004). People with sensitive skin 
have reported irritation ranging from slight to moderate stinging, burning, and itching 
after the application of thioglycolate (Hahn, 1999; Moghimi et al., 2013). There are also 
some reported preferences to shaving than depilation due to irritation (Kindred et al., 
2011). This shows that there is a need to reduce the irritation caused by thioglycolate 
depilatories. 
Thioglycolate works as a depilatory by reducing the disulphide bonds in the KIFs and 
KAPs mainly in the hair cortex. Thioglycolate acts as a nucleophile and in an equilibrium 
reaction attacks the cystine in the KIFs and KAPs, converting it to cysteine (Wolfram and 
Underwood, 1966; Zabashta et al., 2012). A swelling of the hair up to 150% has been 
reported from this process, which is firstly due to the reduction of the disulphide bonds, 
and then the hair swells further from the penetration of water, completing the process 
within ten minutes (Reed et al., 1946; Powers and Barnett, 1952; Jachowicz and 
McMullen, 2011). Water alone would only account for a swelling of 10% in diameter and 
1-2% longitudinally as the hydration breaks the hydrogen bonds and electrostatic bonds 
in the keratin (Corbett, 1976; Xiao and Hu, 2016). Along with keratin deformation, it was 
found that the CMC was partly solubilised during thioglycolate treatment (Chao et al., 
1979; Strussman, 1983; Zahn et al., 1986). These studies show that thioglycolate is an 
effective depilatory yet it is evident that exposure to thioglycolate of living cell layers 
under the stratum corneum can cause cell death and tissue damage. 
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 5.1.2. Skin structure and barrier function 
The skin is an important organ, serving as a protective barrier against the external 
environment and is involved in homeostasis, mechanical integrity, water 
impermeability, metabolic processes, thermoregulation, and is the first line of defence 
against pathogens and chemical irritants (Candi et al., 2005; Segre, 2006; Pan et al., 
2015). The skin is composed of the dermis and the epidermis; the epidermis taking the 
principal role in barrier function, and the innervated dermis supplying the epidermis 
with nutrients from the fibroblasts and its blood supply. In this study the epidermis is 
the focus as it is the protective barrier between the body and the depilatory treatment. 
The epidermis consists of four main layers of cells (fig. 5.1B): the stratum basale, the 
stratum spinosum, the stratum granulosum and the stratum corneum. The living cell 
layers underneath the stratum corneum are 50-100µm thick, with the terminally 
differentiated stratum corneum at the skin surface forming the barrier. These cells are 
shed and continuously replaced by the cells in the basal layer which produce transit 
amplifying daughter cells. The progeny of the transit amplifying cells withdraw from the 
cell cycle and begin to differentiate and continue to do so as they migrate towards the 
skin surface, eventually becoming flattened and aneuclear cornified envelopes 
(Niemann and Watt, 2002; Blanpain and Fuchs, 2006; Watt et al., 2006). The stratum 
basale contains the epidermal stem cell niche (Jones, 1995; Jensen et al., 1999; Evans et 
al., 2013; Peng et al., 2015), and is usually only one cell thick (Brody, 1962; Fuchs, 2008). 
In the stratum spinosum, cells appear more cuboidal in shape (Elias and Friend, 1975). 
In the stratum granulosum, with differentiation the nuclei become more oval and less 
circular in shape, cells begin to flatten, and contain granules 0.2-0.3µm in diameter (Elias 
and Friend, 1975; Simpson et al., 2011). These are keratohyalin granules and are mainly 
composed of profilaggrin, which is insoluble, rich in histidine, and the precursor to 
filaggrin. Profilaggrin is proteolytically cleaved to filaggrin repeat units which bundle 
keratins during terminal differentiation of the keratinocytes (Rawlings and Harding, 
2004; Cabanillas and Novak, 2016). The stratum corneum consists of 15-20 layers of 
corneocytes connected by corneodesmosomes, arranged more loosely closer to the 
surface (Skerrow et al., 1989; Serre et al., 1991; Jarnik et al., 1998; Simpson et al., 2011). 
Corneocytes are without organelles and filled with keratin and water, surrounded by an 
insoluble cornified envelope of densely transglutaminase cross-linked proteins (Rice and 
Green, 1977; Nemes and Steinert, 1999; Simpson et al., 2011). The lipid-rich intercellular 
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 matrix forms the hydrophobic barrier to the environment and is covalently linked to the 
cells, consisting mainly of long chain ceramides, free fatty acids and cholesterol which 
are organised into two crystalline lamellar phases (Ponec et al., 1988; Wertz and 
Downing, 1991; Hatta et al., 2006). 
In this study the differentiation, proliferation, and acute stress response of HaCaT cells 
in 2D culture and HEKn cells forming a 3D epidermal model were tested after application 
of depilatory chemicals. This was tested through measuring levels of involucrin, keratin 
14, Ki67, HSP27 and HSP70. 
Involucrin has been found to be an early indicator of keratinocyte cornified envelope 
differentiation and part of the initial scaffold for cornified envelope assembly as it is the 
main substrate for the attachment of ceramides by ester linkages by transglutaminase 
to the cornified envelope (Steinert and Marekov, 1997; Marekov and Steinert, 1998; 
Steinert and Marekov, 1999; Sevilla et al., 2007; Simpson et al., 2011). 
Keratin 14 is a type I keratin expressed in all basal cells, and transcription is gradually 
downregulated in favour of other keratins as the keratinocytes differentiate (Fuchs and 
Green, 1980; Moll et al., 1982; Fuchs, 2008). Ki67 is also expressed in the mitotically 
active basal cells, and was used to test the effect of the depilatories upon proliferation. 
Cells which were mitotic were stained brightly, and Ki67 could also indicate cells which 
were in S-phase from the speckled staining (Van Dierendonck et al., 1989; Manoir et al., 
1991; Zambon, 2011). 
Heat shock proteins (HSPs) are a highly conserved family of molecular chaperones with 
the role of assisting in the folding, assembly, maintenance and degradation of proteins, 
and become upregulated in response to stress, such as heat, oxidative stress, and 
inflammation (Bukau et al., 2006; Liberek et al., 2008; Yusuf et al., 2009). Stress to cells 
is believed to be moderated by HSPs through modulating JNK activation and other 
intracellular signal transduction pathways (Mosser et al., 2000). HSP27 and HSP70 are 
both investigated in this study in their response to depilatory treatment; HSP27 is found 
at high levels in the epidermis, and HSP70 is constitutively expressed in the epidermis 
and dermis (Huang et al., 2003; Yusuf et al., 2009). HSP27 has been shown to protect 
against protein aggregation caused by stress and is ATP-independent (Macario and 
Conway de Macario, 2007). In normal skin, HSP27 is upregulated and phosphorylated in 
the late phase of keratinocyte differentiation in the stratum spinosum and granulosum, 
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 after which it becomes involved in barrier function as it interacts as a chaperone with 
involucrin in the cornified envelope (Gandour-Edwards, et al., 1994; Trautinger, et al., 
1995; Jonak et al., 2002; Robitaille et al., 2010). HSP70 has been shown to assist in 
protein folding and is ATP-dependent (Macario and Conway de Macario, 2007). 
Cellular stress leads to JNK activation and can precede apoptosis (fig. 5.1C). 
Pharmacological manipulation of a stress signalling pathway by inhibiting JNK, with the 
drug SP600125, leads to accelerated differentiation in epidermal keratinocytes (Gazel et 
al., 2006; Koehler et al., 2011). The JNK inhibitor II, SP600125, was designed to be a 
reversible, competitive inhibitor of cJun N-terminal kinase (JNK) with regard to ATP, and 
selectively inhibits all three forms of JNK (Bennett et al., 2001). In this investigation the 
hypothesis that chemical stress from depilatory treatments also leads to an increase in 
the rate of differentiation in order to rapidly clear away the damaged cells was tested. 
The effect of inhibiting JNK in 2D and 3D cultures treated with depilatory chemicals was 
also investigated with respect to differentiation, proliferation, apoptosis, and the heat 
shock protein response. 
5.1.3. Aims of the study 
The aims of this study were to find a depilatory chemical with equal or greater 
effectiveness at hair removal than the current best-on-market depilatories, and one that 
is less irritating to the skin. This was done by characterising the structural and 
morphological changes in the hairs from commercially available and experimental 
depilatory treatments. This has not previously been explored using label-free imaging 
with confocal microscopy, FLIM or time-lapse imaging. These techniques along with the 
novel methods developed in this study provided new approaches to elucidate the 
structural and morphological effects of the chemical depilatories on the hair. 
With regards to the skin work, it has been found that manipulation of stress signalling 
accelerates differentiation (Maatta group, unpublished data); leading to the hypothesis 
that chemical stress from the depilatory chemicals also leads to an increase in the rate 
of differentiation in order to rapidly clear away the damaged cells and has consequent 
effects on cell proliferation and the acute stress response. The pathway through which 
cellular stress leads to increased differentiation is unknown; one possible pathway 
which may be involved is through JNK signalling. Cellular stress leads to JNK activation 
and can precede apoptosis (fig. 5.1C), and pharmacological manipulation of a stress 
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 signalling pathway by inhibiting JNK has been shown to lead to accelerated 
differentiation in epidermal keratinocytes (Gazel et al., 2006; Koehler et al., 2011). The 
most efficacious depilatory chemicals were tested on HaCaT cells in 2D culture and on 
primary keratinocytes in a 3D epidermal model, and analysed using 
immunofluorescence, immunoblotting, and H&E staining. A JNK inhibitor was used to 
act as a positive control in order to accelerate differentiation, and in conjunction with 
the depilatory chemicals to see how this would change the keratinocyte responses. The 
effects of these hair depilatory chemicals on keratinocytes have not been previously 
studied, so the aim was to understand their effects on proliferation, differentiation and 
cell death in order to discover if these processes could play a part in the irritation caused 
by the hair depilatory chemicals. 
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 5.2. Experimental approach 
Hairs were treated with a variety of chemicals, either commercially available or 
experimentally developed. Many of those developed by P&G begin with “CHM” which 
stands for “chemical hair modification”. CHM1 and CHM2 are commercially available, 
the rest are experimental treatments. All the shown images are representative examples 
of the samples. 
5.2.1. Hydration 
Measurements were taken from four untreated Chinese scalp hairs at the widest point 
of the hair before hydration and after 10 minutes of hydration. The rate of swelling of 
three separate hairs was measured by P&G. In a separate study of the amount of 
swelling due to hydration above and below the skin interface, four plucked Caucasian 
scalp hairs were measured at the widest point of the hair before hydration and after 10 
minutes of hydration. Measurements of the hair below the skin interface were taken 
where the hair is free of the bulb and curling back of the cuticle cells is present. The 
measurements above the skin interface were taken towards the distal tip of the hair. 
5.2.2. Calcium thioglycolate (CHM1) and potassium thioglycolate (CHM2) 
For CHM1, FLIM images were taken of six treated hairs transversely and three hairs 
longitudinally. For CHM2, FLIM images were taken of three treated hairs transversely 
and five hairs longitudinally. SEM and TEM images were taken of three treated Chinese 
scalp hairs. For hairs stained with AlexaFluor 633 C5 maleimide, longitudinal imaging was 
not effective as the maleimide was unable to penetrate through the hair. However, 
imaging of hair transversely when the hair was stained after it had been cut was 
successful in showing the extent of the attack on the disulphide bridges in the keratin of 
treated hair. Six hairs were stained with the maleimide and imaged transversely. Six 
hairs were imaged dynamically with 0.45M potassium thioglycolate over 10 minutes. 
Percentage change of the hair width was taken by measuring the diameter of the hair 
before and after treatment. 
5.2.3. Potassium thioglycolate and guanidine carbonate (CHM3) 
FLIM images were taken of two hairs longitudinally and five hairs transversely. SEM and 
TEM images were taken of three treated Chinese scalp hairs. Four hairs were stained 
with AlexaFluor 633 C5 maleimide and imaged transversely. Five hairs were imaged 
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 dynamically with 0.45M potassium thioglycolate over 10 minutes. For the relative 
humidity experiment, nine potassium thioglycolate and guanidine treated Chinese scalp 
hairs were taken and placed in water (n=3), a controlled 70% relative humidity 
environment (n=3), or left at ambient humidity (n=3) for 18h at room temperature. Once 
removed from these conditions they were immediately placed in oil and imaged. Four 
hairs were imaged during 10 minutes of hydration with DI water, and images shown at 
0, 1 and 10 minutes as the most expansion occurs between 0 and 2 minutes of hydration. 
5.2.4. Guanidine carbonate pH12.5 (CHM4) and pH11.4 (CHM5) 
FLIM images were taken of two hairs longitudinally and six hairs transversely. SEM and 
TEM images were taken of three treated Chinese scalp hairs. Six hairs were stained with 
AlexaFluor 633 C5 maleimide and imaged transversely. Five hairs were imaged 
dynamically with 0.44M guanidine carbonate over 10 minutes. Four hairs were imaged 
during 10 minutes of hydration with DI water. 
5.2.5. Lithium bromide (CHM22-25) 
Spectral scans with nine laser lines were carried out on lithium bromide treated hairs in 
transverse section and averaged to produce emission spectra. Treatment was done 
under different temperatures for varying amounts of time. CHM22 = LiBr treatment at 
25°C for 20 minutes. CHM23 = LiBr treatment at 85°C for 20 minutes. CHM24 = LiBr 
treatment at 25°C for 5 minutes. CHM25 = LiBr treatment at 25°C for 5 days. FLIM images 
were taken of six hairs transversely from each treatment. 
5.2.6. CaI2 + SLS 
Confocal images were taken of three hairs treated with 28% SLS alone, and ten hairs 
treated with 25% calcium iodide and 2% SLS imaged longitudinally and six hairs imaged 
transversely. FLIM images were taken using 470nm of five hairs longitudinally and six 
hairs transversely. 
5.2.7. CTAB + SLS 
Confocal images were taken of six hairs longitudinally and five hairs transversely. FLIM 
images were taken of five hairs longitudinally and five hairs transversely. 
5.2.8. HaCaT immunoblotting 
Each experiment was repeated three times, actin and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) were used as loading controls as β-tubulin amounts varied 
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 across the samples. No extra bands were apparent on the blots except for the involucrin 
blot where the extra bands may have been due to secondary antibody polyclonal non-
specificity. Only the bands at the correct molecular weight for involucrin (120kDa) were 
shown. 
5.2.9. HEKn epidermal model 
Previous research (unpublished) by Dr M. Roger on building the HEKn epidermal model 
according to a protocol provided by the vendor of the primary cells (LifeTech) showed 
that recently passaged P3 HEKn cells were optimal for use in the model. In this study, as 
recently passaged P3 cells were no longer an option, thawed P3 cells were compared to 
recently passaged P4 cells for building the epidermal model with triplicate repeats. Dr 
Roger also demonstrated that the cells should remain at the air-liquid interface for 10-
20 days, and that 30 days was too long. This data informed the use of 10 days at the air-
liquid interface in this study. Though both the P3 and P4 cells made good epidermal 
models, the P4 cells were chosen for use in this study because they gave thicker 
epidermal sections (fig. 5.2), possibly since the P3 cells had not recovered from being 
frozen. Additionally, more cells were available at passage 4 compared to passage 3. 
Cryosections and paraffin sections at 48 and 96 hours post-treatment were made of 
each treatment of the HEKn epidermal models. The treatments were carried out in 
duplicate. These were done to explore whether the treatments had any effect upon the 
thickness, morphology, differentiation, proliferation, acute stress response, or 
apoptosis of the epidermis at the two time points. To measure the epidermal thickness, 
measurements were taken along cryosections of each sample and averaged. 
Cryosections were used as the inserts were embedded in the cryomedium flatly, 
whereas the inserts had a tendency to curl up during the paraffin embedding process.
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 5.3. Results 
In this chapter the effects of commercial and novel chemical depilatory treatments on 
hair morphology and structure are explored. First, two widely available commercial 
depilatory formulations, Sally Hansen Facial Depilatory and Veet HydroRestor, were 
tested. Next, novel formulations developed by P&G were investigated, comprising 
potassium thioglycolate with guanidine carbonate, guanidine carbonate separately at 
pH12.5 and pH11.4, lithium bromide under different conditions, calcium iodide with 
sodium lauryl sulphate, and CTAB with sodium lauryl sulphate. The effect of hydration 
was also tested as a control for the effect upon the hair of the water component in all 
of the depilatories. Finally, the two most efficacious depilatories – potassium 
thioglycolate, and potassium thioglycolate with guanidine carbonate – were applied to 
HaCaT cells grown on a 2D surface and a 3D HEKn epidermal model to investigate the 
effects of the chemical stressors on keratinocyte differentiation, proliferation and acute 
stress. 
5.3.1. Structural and morphological changes in hair caused by chemical modification 
5.3.1.1. Hydration results in a small increase in hair diameter 
First, the effect of hydration on the structure and morphology of hair was tested, as 
water is a component in all of the chemical depilatories. Snapshots of the hair at 1 
minute and 2.5 minutes of hydration (fig. 5.3A) show there is a 2µm increase in diameter 
of the cuticle, and a 4µm increase in diameter of the cortex between these times, 
equivalent to a 6% increase in diameter. The increase in diameter appears similar in 
regions within the cortex, and it is difficult to locate which compartments are swelling 
more with hydration, though the hair swells more noticeably in width than length. No 
change in length was detected across the section of hair measured, but previous studies 
have found a 1-2% increase in hair length with hydration (Corbett, 1976; Xiao and Hu, 
2016). 
The change in diameter of hydrated hairs above and below the skin interface was 
measured after 10 minutes of hydration to compare any differences in the permeability 
of water (fig. 5.3B). Although three hairs showed a larger increase in diameter after 
hydration at the distal tip of the hair than the root, there is quite a large variation 
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 between hairs, and one hair showed a larger increase in diameter at the root (p=0.471, 
Mann-Whitney U-test). 
These results show that the hydration component of the chemical depilatories should 
only play a small role in the change in hair structure and morphology, though may play 
a larger role after the hair structure has been compromised by the chemicals in the 
depilatories. 
5.3.1.2. Calcium thioglycolate (CHM1) is more efficacious at weakening the hair than other 
non-thioglycolate based chemical depilatories 
Sally Hansen Facial Depilatory is specially developed for facial skin. P&G have 
determined its main constituents to be 3.3% calcium thioglycolate, calcium hydroxide 
and potassium hydroxide. The calcium thioglycolate breaks the disulphide bonds within 
cystine in keratin, thus making the hair weaker and easier to remove. Calcium 
thioglycolate is less efficacious at reducing disulphide bonds than potassium 
thioglycolate (P. Smith, P&G, unpublished data), because it is designed for use on a more 
sensitive skin area. Hereafter, the determined chemicals in the Sally Hansen Facial 
Depilatory, are referred to simply as calcium thioglycolate, or CHM1. 
To see structural changes, 405nm autofluorescence images were taken, and to 
investigate changes in the chemical environments of fluorophores, FLIM at 470nm and 
640nm was measured for the calcium thioglycolate treated hair. Figure 5.5 shows 
representative images of treated hair taken transversely (fig. 5.5A) and longitudinally at 
the cuticle (fig. 5.5B) and the cortex (fig. 5.5C) using 405nm autofluorescence, and FLIM 
with 470nm and 640nm. There is some loss of cuticle which is visible on the transverse 
optical sections, and disruption of the cuticle is apparent on the longitudinal optical 
sections of the cortex. As observed in the previous chapter, and reiterated by the FLIM 
images of the untreated control hair (fig. 5.4), when excited with 640nm the cuticle has 
a higher lifetime compared to the cortex, shown in figure 5.5 by the average cuticle 
lifetime of 2.60ns and the average cortex lifetime of 2.36ns. 
These results show that calcium thioglycolate treatment affected the structure of the 
hair, particularly the cuticle, though appears less efficacious than treatments including 
potassium thioglycolate. 
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 5.3.1.3. Potassium thioglycolate (CHM2) is the second most efficacious depilatory 
Veet HydroRestor has been developed specially for body hair, though P&G have shown 
that it does not completely remove the thickest terminal hairs, such as beard hairs or 
pubic hairs and can cause irritation. P&G have determined its main constituents to be 
0.45M potassium thioglycolate, 0.47M calcium hydroxide, and water. Potassium is on 
the Hofmeister series as well as calcium (Hofmeister, 1888). The Hofmeister series ranks 
ions on the strength of the salts against protein structure and solubility. Potassium 
combined with thioglycolate has a greater effect on denaturing keratin and reducing the 
disulphide bonds than calcium thioglycolate (Zhang and Cremer, 2006; Xie and Gao, 
2013). The depilatory is at pH12.75 which is at the regulatory limit as advised by the 
European Union directorate general for health and food safety scientific committee on 
consumer safety. Hereafter, the determined chemicals in the Veet HydroRestor, are 
referred to simply as potassium thioglycolate, or CHM2. 
FLIM and 405nm autofluorescence intensity images were taken of the potassium 
thioglycolate treated hair to explore whether there was an effect on the fluorescence 
lifetimes. Figure 5.6 shows representative images of hair treated for four minutes taken 
transversely and longitudinally at the cuticle and the cortex using 405nm 
autofluorescence, and FLIM with 470nm and 640nm. There appears to be a loss of 
cuticle cell layers in the transverse optical section of the hair, a thin layer remaining in 
the 470nm excitation image where the outside of the hair is coloured blue with a low 
lifetime of 3.30ns. The longitudinal optical sections of the hair show the cuticle is 
deformed with ridges and troughs. The cortex appears more normal. 
Since potassium thioglycolate is a common depilatory, and the benchmark that any 
experimental formulations are compared to, its mode of action needed to be further 
characterised. Using the dynamic imaging method in conjunction with confocal 
microscopy, the potassium thioglycolate treatment was carried out on hair enabling 
structural and morphological changes to be observed throughout the hair over time for 
up to ten minutes, after which no further changes were observed. These images are 
different to those from the FLIM imaging (fig. 5.6) because in order to carry out FLIM the 
hairs had to be dried post-treatment so that they were stationary and had more 
structural integrity for the imaging. During treatment the cuticle is shown in figure 5.7 
to increase dramatically in width; after one minute of application the shape of the cuticle 
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 becomes deformed and uneven which is most pronounced at the cut end, after three 
minutes of application parts of the cuticle bulge out; by five minutes there are deep 
invaginations into the cuticle; after seven minutes the cuticle appears more uniform in 
morphology, as it does at ten minutes. At ten minutes post-treatment the diameter of 
the hair is vastly wider, there are gaps between the cuticle cells, and parts of the cuticle 
have broken away. The cortex is shown in figure 5.8, and by three minutes of treatment 
with potassium thioglycolate the morphology of the hair has become uneven with 
invaginations through the cuticle into the cortex. The hair continues to expand until ten 
minutes into treatment, and the final image clearly shows that the cortical cells and the 
organelle remnants within them have also expanded with the cortex. This may be 
occurring due to the keratin filaments becoming looser because of the broken disulphide 
bonds, and the water expanding the hair after the action of the potassium thioglycolate. 
To complement the confocal dynamic imaging data, FeSEM was carried out to observe 
the effects of potassium thioglycolate on the hair surface, and showed a varying amount 
of cuticle degradation after treatment (fig. 5.9). In some areas thioglycolate had caused 
a complete loss of cuticle and the cortex had become visible (fig. 5.9A). In other areas 
the intra-cuticle cell layers had peeled back (fig. 5.9B), and cuticle cell edges were jagged 
with cracked surfaces (fig. 5.9C). In other areas the cuticle cells had degraded and small 
holes had formed to the cuticle cell layer below (fig. 5.9D). 
TEM confirmed the loss of cuticle cells showing fewer layers were present after 
treatment (fig. 5.10C). Interestingly, there was lighter staining around the circumference 
of the hair of approximately 10µm into the hair (fig. 5.10A). This may be showing the 
depth of thioglycolate penetration as the staining may be different for the areas where 
disulphide bonds have been broken. TEM also showed changes to the morphology of 
the hair, with deformations in the shape of the cuticle layer (fig. 5.10B). The electron 
microscopy data supports and confirms the observations made using confocal 
microscopy. 
These results show that potassium thioglycolate is more efficacious as a depilatory than 
calcium thioglycolate, and treatment changes the chemical environment of the hair, as 
well as causes dramatic changes in the hair structure and morphology. 
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 5.3.1.4. Potassium thioglycolate with guanidine carbonate (CHM3) is the most efficacious 
depilatory 
P&G had developed experimental depilatories and they reasoned that addition of 
guanidine carbonate to thioglycolate would improve the efficacy of hair removal. 
Guanidine is a chaotropic agent and low on the order of cations in the Hofmeister series, 
which means it reduces the hydrophobic effect of proteins (Hofmeister, 1888; Zhang 
and Cremer, 2006; Xie and Gao, 2013). Keratin is hydrophobic which keeps its coiled-coil 
structure by lowering the surface energy (Hanukoglu and Ezra, 2014). Guanidine forms 
hydrogen bonds with the water which decreases the surface energy, and makes it easier 
for the keratin to unfold. Therefore, in addition to the previous 0.45M potassium 
thioglycolate commercial depilatory, 0.44M guanidine carbonate was added to increase 
the efficiency of the disulphide bridge reduction by making it more accessible for attack 
by thioglycolate. 
FLIM was taken of the potassium thioglycolate and guanidine carbonate hair treated for 
four minutes to explore whether there was an effect on the fluorescence lifetimes. 
Figure 5.11 shows images of treated hair taken transversely and longitudinally at the 
cuticle and the cortex using 405nm autofluorescence, and FLIM with 470nm and 640nm. 
The transverse optical section shows there is still cuticle present on the hair, though 
some disruption is visible at the top of the image. The transverse FLIM images do not 
appear unusual and have distinctly lower cuticle lifetimes towards the hair surface, as 
shown by the blue colouring, with a lifetime of 3.15ns with 470nm excitation and of 
1.99ns with 640nm excitation. The longitudinal images show ridges and troughs in the 
hair surface as was observed in hair treated with potassium thioglycolate alone. The 
cortex in the longitudinal images appears quite homogenous in lifetimes, particularly 
with 470nm excitation, with lifetimes only ranging from 3.46ns to 4.10ns. 
The dynamic imaging method showed the changes occurring to the hair during 
treatment with potassium thioglycolate and guanidine carbonate. The cuticle increased 
in diameter from the first minute of treatment application and invaginations begin to 
appear (fig. 5.12). With time, the cuticle continued to increase in diameter, the 
invaginations became deeper, and holes were visible through the cuticle. After ten 
minutes of treatment the cuticle and circular organelle remnants were visible, 
suggesting some cell layers of cuticle had been lost. There was deformation of the cuticle 
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 and the hair had expanded outside of the field of view. In the cortex (fig. 5.13) similar 
expansion took place with the cortical cells and organelle remnants which expanded by 
swelling. Invaginations into the hair through to the cortex were clear after five minutes 
of treatment, which possibly allowed further penetration of the depilatory into the hair. 
The expansion and deformation of the cuticle and cortex was greater with this treatment 
than with potassium thioglycolate alone. 
FeSEM showed how the surface of the hair had been modified by the treatment. Some 
areas of the hair appeared more affected than other areas where only jagged cuticle cell 
edges were seen (fig. 5.14A). In other areas degradation of the cuticle led to the cortex 
becoming visible (fig. 5.14B). Large cracks were apparent in the cuticle (fig. 5.14C), and 
further degradation of the cuticle occurred through the creation of holes approximately 
100nm in diameter (fig. 5.14D) which gradually became larger and exposed the cortex 
(fig. 5.14E). The structures from the degradation appeared to be made up of granules 
approximately 20nm in diameter (fig. 5.14F). The damage to the cuticle appeared more 
severe with potassium thioglycolate and guanidine carbonate than with potassium 
thioglycolate alone. 
TEM confirmed the misshaping of the cuticle layer (fig. 5.15A) and a slight change to the 
approximate outer 10µm of the hair diameter, perhaps due to a change in hair structure 
caused by the disulphide reduction. TEM also showed that there were fewer cuticle cell 
layers after treatment (fig. 5.15B). The cuticle cells became detached after treatment as 
the CMC between them was weakened (fig. 5.15C), which was more pronounced in this 
treatment than just with potassium thioglycolate. 
Hairs treated with potassium thioglycolate and guanidine carbonate resulted in the most 
swelling of the hair with treatment, and drastic deformation of the hair cuticle. This 
suggests more keratin has been reduced in this treatment than with calcium 
thioglycolate or potassium thioglycolate treatment alone. 
5.3.1.5. Guanidine carbonate pH12.5 (CHM4) is not as effective alone 
Guanidine carbonate was tested on the hair without potassium thioglycolate to see 
whether it alone, at a high pH, as a chaotropic agent could denature the keratin proteins 
to weaken the hair shaft. 
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 FLIM was taken of the guanidine carbonate treated hair to explore whether there was 
an effect on the fluorescence lifetimes. Figure 5.16 shows images of treated hair taken 
transversely and longitudinally at the cuticle and the cortex using 405nm 
autofluorescence, and FLIM with 470nm and 640nm. The transverse optical sections of 
the autofluorescent hair and FLIM appeared relatively normal. The cuticle in the 
longitudinal section appeared more disrupted and has unusual areas of blue colouring 
on its surface with lifetimes of 2.83ns and 1.99ns with 470nm and 640nm excitation 
respectively. These could be areas of damage. 
Dynamic imaging of the hair during guanidine carbonate treatment at pH12.5 showed 
the changes occurring in the hair with time (fig. 5.17). There was some expansion of the 
hair over the ten minutes of treatment time though it was not as dramatic as the 
treatments including potassium thioglycolate. There appeared to be little disruption to 
the hair structure. 
FeSEM imaging allowed the cuticle to be observed at a higher resolution and 
magnification, which showed more damage to the cuticle than was apparent with 
confocal microscopy. The cuticle cell edges were jagged (fig. 5.18A) as with previous 
treatments. The upper compartments of some cuticle cell layers had been removed, 
only leaving remnants of the endocuticle (fig. 5.18B). At the edges of some cuticle cells 
degradation was visible (fig. 5.18C), and there were granules and cracks in the cuticle 
cell surface (fig. 5.18D). 
TEM confirms the signs of degradation of the cuticle (fig. 5.19), though more cell layers 
remained than with thioglycolate treatments. As with the thioglycolate treatments 
there was separation between the cuticle cells, but this was limited to the outer cuticle 
cell layer. This suggests the guanidine carbonate was only able to compromise outer 
layers of cuticle cells. 
These results show that even at pH12.5, guanidine carbonate did not act as an effective 
depilatory, despite some changes to the hair structure. Only in conjunction with 
potassium thioglycolate did guanidine make an effective depilatory. 
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 5.3.1.6. Decreasing the alkalinity of guanidine carbonate to pH11.4 (CHM5) does not 
improve depilation 
Guanidine carbonate at a lower pH11.4 was tested to evaluate the effect of decreasing 
the alkalinity. This was tested at a lower pH because it is better for safety and regulatory 
purposes in consumer products. 
FLIM was taken of the guanidine carbonate treated hair to explore whether there was 
an effect on the fluorescence lifetimes. Figure 5.20 shows images of treated hair taken 
transversely and longitudinally at the cuticle and the cortex using 405nm 
autofluorescence, and FLIM with 470nm and 640nm. These images appeared relatively 
normal, except from the uneven lifetimes of the cuticle. In the previous chapter the 
cuticle lifetimes were shown to change with cuticle cell layer, but here the low blue 
lifetime of approximately 3ns in 470nm excited hair can be seen sporadically penetrating 
all cuticle cell layers. This is a slight but not significant reduction in lifetime compared to 
untreated hair and guanidine at pH12.5.  
Dynamic imaging of the hair shows any changes as they happen. There appeared to be 
few changes over the ten minutes of treatment with guanidine carbonate at pH11.4. 
However, there did appear to be swelling at the cut end of the hair from three minutes 
of treatment which increased slightly until ten minutes of treatment time has passed 
(fig. 5.21). Swelling of the cortex was also observed and appeared to occur within the 
first five minutes of treatment (fig. 5.22). 
FeSEM of the treated hair surface showed minor disruption to the cuticle cells. As seen 
in all treatments the cuticle cells had jagged edges (fig. 5.23A). In addition to this, the 
top cuticle cell layers were separated by approximately 50nm (fig. 5.23B). The cuticle 
cell surface was covered in deposits (fig. 5.23C) which appeared crystalline (fig. 5.23D). 
These may be salt crystal remnants from the treatment. As with the other treatments, 
the cuticle cell surface contained cracks (fig. 5.23E), and was covered in granules 
approximately 20nm in diameter (fig. 5.23F). 
TEM showed that the cuticle was affected differently in different areas. Some parts of 
the cuticle showed signs of degradation and had fewer cuticle cell layers (fig. 5.24A). 
Other areas of the cuticle appeared unaffected by the treatment and had many cell 
layers (fig. 5.24B). 
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 These results show that decreasing the alkalinity of guanidine carbonate to pH11.4 from 
pH12.5 caused little damage to the hair, and mainly affected the hair cuticle. Therefore, 
decreasing the pH did not improve depilation. 
5.3.1.7. Changes in hair diameter with treatment 
After treatment with the depilatory chemicals for ten minutes the average increase in 
hair diameter was measured to compare the extent of the swelling from the treatment. 
An average width increase of 136% (fig. 5.25) was found in the potassium thioglycolate 
treated hairs and was significantly different to hydrated hair as well as hair treated with 
other thioglycolate compositions and guanidine carbonate (p=4.18x10-3, Kruskal-Wallis 
test). However, an even greater expansion in hair diameter was observed in hairs 
treated with potassium thioglycolate and guanidine carbonate, as after treatment there 
was an average diameter increase of 301% (p=4.18x10-3, Kruskal-Wallis test) (fig. 5.25). 
In hairs treated with guanidine carbonate alone at pH12.5 there was much less 
expansion of only 15%, which was not significantly different from control hair (fig. 5.25). 
Decreasing the alkalinity of the guanidine carbonate to pH11.4 gave an average increase 
of 13% in hair diameter after treatment, which was also not significantly different (fig. 
5.25). This was the lowest increase in diameter among all the treatments with the 
exception of hydration. 
These results show that potassium thioglycolate with guanidine carbonate had the 
greatest effect upon the morphology of the hair, resulting in dramatic swelling of the 
cuticle and the cortex. 
5.3.1.8. Maleimide shows areas of disulphide bond reduction 
Maleimide conjugated to 633nm AlexaFluor stained the thiol groups in hair (Taneda et 
al., 1980), and was used to stain the area which the potassium thioglycolate had 
attacked (fig. 5.26B). This transverse optical section of the hair showed an outer 
perimeter of the hair which was brightly stained with maleimide. The bright staining 
covered the cuticle along with the outer cortex, and formed a ring approximately 10µm 
thick around the outside of the hair. The hair morphology was also deformed, showing 
ridges and troughs on the surface, though the potassium thioglycolate appeared to have 
penetrated through the hair to an even depth. The maleimide staining supports the TEM 
data showing that the thioglycolate had penetrated approximately the outer 10µm of 
the hair and denatured it. 289 
 In potassium thioglycolate and guanidine carbonate treated hairs, maleimide stained 
the areas of the hair which were reduced to thiol groups by the thioglycolate. Much like 
the hairs treated with potassium thioglycolate alone, this treatment resulted in the 
outer approximate 10µm of the hair stained brightly to show the area of reduced 
disulphide bonds (fig. 5.26C). 
The maleimide stain did not stain the perimeter of the hair when the hairs had been 
treated with guanidine carbonate alone for either pH12.5 or pH11.4 (fig. 5.26D and 
5.27E respectively), as there had been no reduction to the disulphide bonds which 
create thiol groups. Both hairs treated with guanidine carbonate appeared similar to the 
untreated control hair stained with maleimide. 
These results show that only the treatments containing potassium thioglycolate reduced 
the disulphide bonds in the hair, and appeared to penetrate the outer 10µm of the 
cuticle and cortex. 
5.3.1.9. Post-treatment hydration change in hair diameter 
The swelling of treated hairs after ten minutes of hydration in water was recorded to 
test the extent of structural damage to the hair by measuring the permeability of water 
into the hair through swelling. 
After 10 minutes of hydration, which ensured the hair was fully hydrated (fig. 5.27), 
there was an 11.8% increase in hair diameter of hydrated control hairs (p<0.001, 
Wilcoxon paired test), though P&G measured an average swelling of 14.8% (fig. 5.27), 
combining the measurements gave an average of a 13.1% increase in hair diameter. 
For hairs treated with calcium thioglycolate, P&G measured an average swelling of 
15.0% after hydration (fig. 5.27), although this had a faster increase in diameter than 
non-thioglycolate treated hairs the difference was not significant after ten minutes. 
There was a larger increase in swelling for hairs treated with potassium thioglycolate as 
measuring the swelling at the widest point gave an average increase of 33.5% after ten 
minutes hydration (fig. 5.27), and was significantly different to treatments not based 
upon potassium thioglycolate (p=0.032, Kruskal-Wallis test). 
For hairs treated with potassium thioglycolate and guanidine carbonate P&G measured 
an average swelling of 39.7% after ten minutes of hydration (fig. 5.27) and this was 
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 significantly higher than all the other treatments (p=0.032, Kruskal-Wallis test), 
suggesting potassium thioglycolate with guanidine carbonate causes the most structural 
damage to the hair. 
Measuring the swelling at the widest point of guanidine carbonate at pH12.5 treated 
hairs alone gave an average increase of 13.1% after ten minutes hydration (fig. 5.27), 
and was not significantly different to the untreated control. 
Decreasing the alkalinity of the guanidine carbonate to pH11.4 decreased the swelling 
slightly to 12.5% after ten minutes hydration, which was not significant, and was the 
lowest degree of swelling measured after that of untreated hair (fig. 5.27). 
As hydration gave the greatest increase in hair diameter to hairs treated with potassium 
thioglycolate and guanidine carbonate (fig. 5.27), the effect of relative humidity on hairs 
treated with this depilatory was tested. This was done to evaluate whether the humidity 
of the air could affect the fluorescence lifetimes and therefore the chemical 
environment of the hair (fig. 5.28). There was no significant difference between 
ambient, 70% relative humidity, and hydrated hair when excited with 470nm (p=0.598, 
Kruskal-Wallis test). However, there was a significant difference when the hair was 
excited with 640nm between the cortex lifetimes in ambient and hydrated hair and in 
70% relative humidity and hydrated hair (p=6.74x10-3, Kruskal-Wallis test). This suggests 
that the treatment had an effect on the hair structure allowing the cortex to become 
more permeable to water. 
These results showed that potassium thioglycolate with guanidine carbonate 
compromised the structural integrity of the hair more than any other treatment to allow 
for the greatest increase in swelling post-treatment with the addition of water. 
5.3.1.10. Break ratio reduction shows the decrease in strength of the hair 
The break ratio reduction of treated hairs was measured to compare the strength of the 
hairs after treatment. The break ratio reduction is a measure of depilatory efficiency and 
the amount the hair has been chemically weakened compared to untreated control hair, 
expressed as a percentage change. The breaking of the disulphide bonds by calcium 
thioglycolate led to a break ratio reduction of 15% (fig. 5.29). This reduction in strength 
was more than treatments without thioglycolate, but less than those with potassium 
thioglycolate. 
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 The breaking of the disulphide bonds by potassium thioglycolate led to a break ratio 
reduction of 27% (fig. 5.29). This meant the strength of potassium thioglycolate treated 
hair was weaker than calcium thioglycolate treated hair, but stronger than hair treated 
with potassium thioglycolate with the addition of guanidine carbonate. 
After treatment with potassium thioglycolate and guanidine carbonate, the hairs had a 
56% reduction in strength, which was the largest reduction in strength of all hairs 
treated with thioglycolate or guanidine (fig. 5.29). 
The disruption of the hair structure by guanidine carbonate at pH12.5 led to a break 
ratio reduction of 8% (fig. 5.29). This means the hair was weaker, but stronger than hair 
treated with thioglycolate. For hair treated with guanidine carbonate at pH11.4 the 
reduction in strength was by 2% (fig. 5.29), so there was little change, showing that the 
higher pH12.5 had a greater effect on the strength of the hair. 
These results show that potassium thioglycolate with guanidine carbonate had the 
greatest effect upon the strength of the hair. 
5.3.1.11. Lithium bromide (CHM22-25) changes hair morphology dependent upon 
treatment temperature and duration 
Since the disulphide chemistry in thioglycolate depilatories has caused skin irritation in 
the past, other chemistries were investigated which alter the hair through different 
mechanisms. Lithium bromide has previously been shown to affect the structure and 
morphology of keratin fibres (Feughelman et al., 1958; Chapman, 1970), though it has 
not been investigated in the context of depilatory treatments. Lithium and bromine are 
both in the Hofmeister series and are capable of denaturing proteins (Zhang and Cremer, 
2006; Xie and Goa, 2013). Lithium in water would normally be surrounded by a large 
hydration sphere. In this investigation, a saturated 8M lithium solution was used so 
there was not enough water for it to bond with. The lone pairs on the lithium make it 
very reactive and they form hydrogen bonds with nitrogen and oxygen atoms in the 
keratin. This pulls the hair together, making it shorter and wider (Feughelman et al., 
1958; Chapman, 1970). The ability to make hairs shorter by contraction may be of 
interest to the hair care industry, as hairs could be treated to appear shorter in the skin 
for an extended period of time, perhaps reducing the need to remove them. 
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 The effect of lithium bromide treatment temperature and duration was tested on the 
hair to evaluate the structural and morphological changes, and whether any of the 
conditions (table 5.1) would be suitable as a depilatory. 
Treatment name Temperature (°C) Duration 
CHM22 25 20 minutes 
CHM23 85 20 minutes 
CHM24 25 5 minutes 
CHM25 25 5 days 
Table 5.1. Hair treatment conditions with lithium bromide. 
Label-free confocal microscopy using 405nm autofluorescence was used to examine the 
structure and morphology of the hair. Hairs treated at temperatures under 85°C or for 
under 20 minutes (CHM22 and CHM24) appeared more similar to each other than the 
hair treated at 85°C (CHM23) or for 5 days (CHM25) (fig. 5.30). The hair treated at 85°C 
or for 5 days appeared to have more compact cuticle cells, and the cortex of the hair 
treated at 85°C appeared swollen (fig. 5.30). These differences may be due to the rate 
of lithium bromide penetration, which is dependent upon concentration, hair diameter 
and temperature (Haly and Griffith, 1958; Feughelman et al., 1962). At room 
temperature a concentration of 8M lithium bromide could be expected to fully 
penetrate a thin hair of 50µm diameter in 5-7 hours, and no changes would be seen in 
the contraction of the hair until the fibre was almost completely saturated (Haly and 
Griffith, 1958; Feughelman et al., 1962). Since in two of the treatments, CHM22 and 
CHM24, hairs were only treated for 20 minutes and 5 minutes at 25°C, it is unlikely that 
the treated hairs had been fully penetrated with lithium bromide, and were therefore 
unlikely to show any morphological changes. The CHM25 hairs treated for 5 days may 
have had sufficient time for saturation of lithium bromide. The CHM23 treated hairs at 
85°C appeared to have been at a high enough temperature to increase the rate of 
penetration so that the hair had undergone contraction after only 20 minutes. P&G 
found that these hairs had a 70% increase in diameter with a 20% decrease in length. 
The hair was observed to be very elastic, and P&G were only able to obtain break ratio 
reduction measurements for the hair treated at 25°C for 20 minutes, which was found 
to have an 8% reduction in strength compared to untreated hair. There may still have 
been a reduction in the strength of the hair despite the incomplete penetration of 
lithium bromide, as only some disruption of the keratin filaments may have been 
sufficient to weaken the hair. 
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 Spectral scans were taken of the hair to test whether the emission spectra had been 
altered by the treatment. The emission spectra appeared normal, and the hair unlikely 
to contain much lithium bromide (fig. 5.31A and fig. 5.31C) appeared relatively similar 
to the hair constricted by the lithium bromide (fig. 5.31B and fig. 5.31D). This shows that 
the fluorophores are unlikely to have been affected by the lithium bromide. 
To confirm that the fluorophores were unaffected by lithium bromide penetration, FLIM 
was carried out on the hairs. In transverse section the hairs appeared to have relatively 
similar fluorescence lifetimes no matter the conditions of lithium bromide treatment 
(fig. 5.32), and also appeared similar to the control hairs (fig. 5.4). 
These results show that the penetration of lithium bromide into hair leading to 
contraction takes too long or is too hot for the treatment to be suitable as a depilatory. 
In addition to this, the high molarity required could become corrosive to the skin. 
5.3.1.12. Calcium iodide and sodium lauryl sulphate cause breakage of cuticle cells 
An additional mechanism of hair disruption was sought which did not utilise disulphide 
chemistry and would potentially cause less skin irritation. A solution of 25% calcium 
iodide and 2% sodium lauryl sulphate (SLS) was identified as a suitable alternative to 
test. 
Previous studies have shown the uptake of metal ions from hard water into the hair. 
This includes calcium ions which are extracted from tap water into the cuticle, 
particularly into the sulphur-rich exocuticle and A-layer, and results in fibre stiffening 
(Smart et al., 2009; Evans et al., 2011). Anecdotal reports state that people experience 
hair loss when washing their hair in hard water areas, particularly when washing with 
the desalinated water in the Middle East. 
In this investigation it was found that the calcium ions precipitated out of the hair cuticle 
when SLS was added, resulting in parts of the cuticle cell fracturing away. The cuticle is 
responsible for harnessing the torsional forces applied to hair (Wolfram and Albrecht, 
1985), so if the cuticle is destroyed or weakened, the hair may be easier to remove. 
Confocal microscopy was used to image the treated hair with 405nm autofluorescence 
to evaluate the effect of the treatment on the hair structure. First the hair was treated 
with a higher concentration of SLS alone to measure the effect of the detergent on 
untreated hair (fig. 5.33A). The 28% SLS treatment caused the cuticle cells of the hair to 
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 become raised (fig. 5.33A). With the addition of 25% calcium iodide to 2% SLS the 
structure of the hair cuticle was affected to varying degrees. Some hairs only showed 
the cuticle cells on the surface of the hair becoming raised (fig. 5.33B). In other hairs 
many cell layers of the cuticle had been broken away by the precipitation of the calcium 
ions from the hair that the cortex became visible (fig. 5.33C). Using confocal microscopy, 
it was difficult to identify how many cell layers of the cuticle have been removed. To 
show that some cuticle cell layers can be removed and the hair still appears normal, 
beard hair was treated with the calcium iodide and SLS. The cuticle of the beard hair (fig. 
5.33D) appeared similar to the apparently unaffected scalp hair (fig. 5.33E). However, as 
shown in chapter 3, the many cuticle cell layers of a beard hair block the penetration of 
light into the cortex, however, with calcium iodide and SLS treatment the cortex of a 
beard hair was visible (fig. 5.33D). This showed that the treatment had removed several 
layers of cuticle cells. The variability in the results also suggest that some areas of the 
cuticle are weaker or more susceptible to calcium ion uptake. 
Following confocal microscopy, FLIM was taken of the treated hair in transverse and 
longitudinal optical section to see whether there was any effect upon the fluorophores 
and chemical environment of the hair. The FLIM images of the hair showed that the free 
edge of each cuticle cell has a lower lifetime of 2.94ns than the rest of the cuticle cell 
which has an average lifetime of 3.20ns (fig. 5.34). This could be caused by the raised 
cuticle cells exposing their internal constituents including the exocuticle and 
endocuticle, resulting in a different lifetime, or showing exposed areas of the cuticle 
which have been removed by the treatment. The cortex of the hair appears normal, as 
does the transverse section, the outer cuticle cell layer with a low lifetime of 3.04ns (fig. 
5.34). 
These results show that calcium iodide with SLS was effective at removing some of the 
cuticle cells. Repetition of the treatment over time may lead to hair loss, however it is 
unlikely to be suitable as a one-step hair removal treatment. 
5.3.1.13. CTAB and SLS causes cuticle cell flaring with loss of 18-MEA 
An alternative way to avoid skin irritation by thioglycolate was to test hair with 2% 
cetyltrimethylammonium bromide (CTAB) at pH 9.41 for 5 min, followed by 0.5% SLS for 
5 min. CTAB has been shown to remove the covalently bound fatty acid 18-MEA from 
the outer β-layer of the cuticle cell CMC (Jones et al., 1996; Smith et al., 2010), and this 
305 
 method was shown in the previous chapter to significantly change the fluorescence 
lifetimes of hairs after treatment. 
Confocal microscopy was used to image the treated hair with 405nm autofluorescence 
to evaluate the effect of the treatment on the hair structure. The images show that the 
treatment caused varying degrees of cuticle cell flaring (fig. 5.35). Some hairs showed 
moderate cuticle cell flaring (fig. 5.35A), others had intense flaring where the cuticle 
cells were almost perpendicular to the hair shaft (fig. 5.35B), and still others showed 
little cuticle cell flaring (fig. 5.35C). This links to the lipid extraction using CTAB in the 
previous chapter, as the flared cuticle cells show the CMC of the cuticle has been 
disrupted, most likely by removal of 18-MEA. 
Following confocal microscopy, FLIM was taken of the treated hair in transverse and 
longitudinal optical section to see whether there was any effect upon the fluorophores 
and chemical environment of the hair. As with the previous treatment which also caused 
cuticle cell flaring, the FLIM images of the hair show that the free edge of each cuticle 
cell had a lower lifetime of 3.25ns than the rest of the cuticle cell which had an average 
lifetime of 3.57ns (fig. 5.36). Again, this could be caused by the raised cuticle cells 
exposing the internal constituents, resulting in a different lifetime. The cortex of the hair 
appeared normal, as did the transverse section (fig. 5.36). 
The treated hair was hydrated in water to test the extent of the structural damage done. 
P&G measured an average swelling of 10.8% after ten minutes hydration, which was not 
significant. This may be because CTAB does not disrupt the structure of the cortex which 
would allow for more hydration. 
The strength of the hair was tested by measuring the break ratio reduction. For treated 
hair the reduction in fibre strength was by 5%. 
These results indicate that while CTAB modified the hair cuticle by removing 18-MEA 
from its surface, resulting in cuticle cell flaring, it did not appear to cause sufficient 
structural damage to the hair to qualify it as a suitable candidate for chemical depilation. 
5.3.1.14. Comparison of fluorescence lifetimes of treated hairs 
Comparing the fluorescence lifetimes of calcium thioglycolate treated hairs with the 
other depilatory treatments as well as untreated and hydrated hairs (fig. 5.38), showed 
that there was a significant difference between the untreated hair cuticle and the lower 
307 
 lifetime of the calcium thioglycolate treated hair cuticle when the hair was excited with 
640nm (p=5.49x10-3, Kruskal-Wallis test). There was also a significant difference 
between the lower lifetimes of the calcium thioglycolate treated hair cortices and those 
of potassium thioglycolate with guanidine treated hair and guanidine at pH11.4 treated 
hair (p=2.98x10-4, Kruskal-Wallis test). There was no significant difference in hair excited 
with 470nm (fig. 5.37). 
It was found that with 470nm excitation (fig. 5.37) and 640nm excitation (fig. 5.38), the 
potassium thioglycolate treated hairs lifetimes were significantly lower. This was true 
for the cuticle of hair excited with 470nm, giving significantly lower lifetimes than the 
cuticles of untreated, guanidine at pH12.5, lithium bromide at 25°C for 25 minutes, and 
CTAB with SLS treated hair (p=9.00x10-6, Kruskal-Wallis test) (fig. 5.37A). The 
fluorophores of the cortices of the potassium thioglycolate treated hair at 470nm were 
also significantly affected compared to the cortices of untreated hair, and all of the 
treated hairs except calcium thioglycolate and lithium bromide at 25°C for five days 
(p=3.00x10-5, Kruskal-Wallis test) (fig. 5.37B). Potassium thioglycolate treated hair that 
was excited with 640nm had significantly lower lifetimes in the cuticle compared to 
untreated hair, and hair treated with potassium thioglycolate with guanidine carbonate, 
and CTAB with SLS (p=5.49x10-3, Kruskal-Wallis test) (fig. 5.38A). For the cortex excited 
with 640nm, potassium thioglycolate treated hair had significantly lower lifetimes than 
the cortices of hair treated with potassium thioglycolate with guanidine, and guanidine 
alone at either alkalinity (p=2.98x10-4, Kruskal-Wallis test) (fig. 5.38B), suggesting the 
addition of guanidine may have a more significant impact upon the cortex. 
The fluorescence lifetimes of potassium thioglycolate with guanidine carbonate treated 
hairs were compared to other treatments to evaluate the extent of the effect upon the 
chemical environment of the hair. There were fewer significant differences between this 
treatment and treatment with potassium thioglycolate alone. This may be because it is 
necessary to image the treated hairs using FLIM only after they have been dried, and 
some of the significant effects of the guanidine may have been reversed with the drying 
of the hair. The only significant differences found with this treatment in 470nm excited 
hair was that the cortex was significantly different to the cortex of hair treated with 
potassium thioglycolate alone (p=3.00x10-5, Kruskal-Wallis test) (fig. 5.37B), and in 
640nm excited hair the cortex was significantly different to the cortex of hair treated 
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 with calcium thioglycolate and to hair treated with potassium thioglycolate (p=2.98x10-
4, Kruskal-Wallis test) (fig. 5.38B). 
Comparison of the fluorescence lifetimes of the different treatments shows that hairs 
treated with guanidine carbonate at pH12.5 have significantly higher cuticle and cortex 
lifetimes when excited with 470nm than hair treated with potassium thioglycolate 
(p=9.00x10-6 and p=3.00x10-5 respectively, Kruskal-Wallis test), and of the 640nm 
excited cortex (p=2.98x10-4, Kruskal-Wallis test), though this may simply be a reflection 
of the extent of damage caused by potassium thioglycolate. When compared to 
untreated hairs, guanidine carbonate treated hairs are not significantly different. 
Guanidine carbonate at pH11.4 significantly changes the fluorescence lifetimes of the 
hair cortex when excited with 640nm (p=2.98x10-4, Kruskal-Wallis test) (fig. 5.38B), but 
not with 470nm (fig. 5.37B). 
Despite the chemical environment changing with the addition of lithium in the hair, the 
only significant difference in lifetime is that of the medullas of 470nm excited hair (fig. 
5.37C) of the CHM25 hairs which were treated for 5 days (p=8.52x10-3, Kruskal-Wallis 
test). Perhaps this is the only treatment in which the lithium bromide reached the 
medulla, however it was shown to have caused contraction also in the 85°C hair, so 
would have been present in the cortex, but there was no difference in lifetime. This 
suggests the possibility that FLIM cannot detect changes to the chemical environment 
with lithium bromide treatment, at least using the wavelengths available in our system. 
There were no significant differences between the fluorescence lifetimes of calcium 
iodide and SLS treated hairs, and untreated hairs (fig. 5.37). This may be due to the fact 
that the calcium is removed from the hair by the SLS. 
There were also no significant differences between the fluorescence lifetimes of CTAB 
and SLS treated hair, and untreated hair for 470nm (fig. 5.37) or 640nm (fig. 5.38) 
excitation. 
These results show that significant differences in the fluorescence lifetimes compared 
to untreated or hydrated hairs were only observed in calcium thioglycolate, potassium 
thioglycolate, and pH11.4 guanidine carbonate treated hairs. Based upon the 
denaturant activity of these chemicals, these treatments have changed the chemical 
environment of molecules or functional groups in the hair by affecting the structure of 
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 keratins. This data supports chapter 4, as disrupting the disulphide bonds within the hair 
changed the fluorescence lifetimes. 
5.3.2. Investigation into the effects of the chemical stressors on keratinocytes 
The two most efficacious depilatories – potassium thioglycolate, and potassium 
thioglycolate with guanidine carbonate – were applied to HaCaT cells grown on a 2D 
surface and a 3D HEKn epidermal model to investigate the effects of the chemical 
stressors on keratinocyte differentiation, survival and death, proliferation and acute 
stress. In addition, potassium thioglycolate and guanidine carbonate were tested on the 
keratinocytes separately to study the effects of each. 
5.3.2.1. Cell survival assay shows few cells after treatment with 0.4M guanidine carbonate 
A modified colony formation assay was adopted to test the ability of the HaCaT cells to 
grow and survive the effects of potassium thioglycolate and guanidine carbonate. 
Concentrations of 0.4M, 40mM, and 4mM each of potassium thioglycolate and 
guanidine carbonate were applied to the cells for four minutes (the application time of 
the depilatories), and the day following treatment the cells were stained with crystal 
violet and compared against untreated control cells and cells with only a PBS wash. The 
only treatment which appeared to affect the ability of the cells to form colonies and 
survive was the 0.4M guanidine carbonate solution (fig. 5.39). Cells were seeded at 
equal densities and had a similar confluence prior to treatment, however the 0.4M 
guanidine carbonate appeared to kill the cells, as a very low density of cells was observed 
(fig. 5.39). The potassium thioglycolate and lower concentrations of guanidine 
carbonate do not appear to have affected the cells as the staining appears similar to that 
of the controls (fig. 5.39). 
5.3.2.2. Cell viability decreases with increasing depilatory concentration 
The crystal violet staining in figure 5.39 is quite a crude measure of cell survival so a 
proper cell viability assay was carried out. The cell viability assay was carried out to 
assess whether HaCaT cells were metabolically active, and therefore viable, after 
treatment with varying concentrations of potassium thioglycolate and guanidine 
carbonate. The colorimetric change that results is recorded as an absorbance and is 
directly proportional to the number of living cells in the culture. The results showed that 
at the concentrations found in the depilatory treatments of 0.4M there were fewer 
viable cells (fig. 5.40). There was significantly low viability of HaCaT cells treated with 
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 0.4M guanidine carbonate, the average metabolic activity at only 7% of that of the 
untreated cells (p=0.022, Kruskal-Wallis test). For 0.4M potassium thioglycolate, the 
average metabolic activity was at 76% of that of untreated cells. This supports the crystal 
violet data as both show few HaCaT cells remain after treatment with 0.4M guanidine 
carbonate. The crystal violet data showed that HaCaT cells remained after 0.4M 
potassium thioglycolate treatment, but this cell viability assay provides more accurate 
data and shows approximately a quarter of HaCaT cells were not viable after treatment. 
The concentrations of the chemicals were lowered to reflect the decreased penetration 
of the chemicals through the skin to the basal cell layer in a real life usage situation (Lee 
et al., 2008). At 40mM the viability of the HaCaT cells was much higher than at 0.4M, 
the same for both potassium thioglycolate and guanidine carbonate with an average 
metabolic rate of 87% compared to untreated cells (fig. 5.40). The metabolic activity of 
the cells did not appear negatively affected by concentrations of 4mM potassium 
thioglycolate or 4mM guanidine carbonate. At these concentrations the metabolic 
activity was greater than or equal to the untreated control (fig. 5.40). JNK inhibitor II was 
used as a positive control as it drives the cells towards differentiation and cornification 
(Gazel et al., 2006), after which they would not be as metabolically active (fig. 5.40). The 
use of 50µM JNK inhibitor II significantly decreased the metabolic activity of the cells 
compared to untreated cells by 48% (p=0.022, Kruskal-Wallis test). 
5.3.2.3. Western blotting shows no significant differences in protein expression levels after 
depilatory treatment 
Western blotting was carried out to compare the levels of proteins in HaCaT cells after 
various treatments. The HSPs were tested for to find out if they were involved in the 
acute stress response of the HaCaT cells, and keratin 14 and involucrin were tested for 
to indicate levels of differentiation in the cells. Different proteins were tested for at 
different time points; at 1 hour post-treatment HSP27, HSP70 and keratin 14 were 
tested for, and at 48 hours post-treatment keratin 14 and involucrin were tested for. 
Actin and GAPDH did not vary with treatment and were used as loading controls. The 
treatments carried out on the cells were 0.45M, 45mM and 4.5mM potassium 
thioglycolate, each alone and with 50µM JNK inhibitor II, 44mM and 4.4mM guanidine 
carbonate, and untreated controls, 50µM JNK inhibitor II alone, and untreated cells with 
the corresponding amount of DMSO from the 50µM JNK inhibitor II samples added. 
316 
 HaCaT cells were treated with both potassium thioglycolate and JNK inhibitor II 
simultaneously to test whether the JNK inhibitor would affect the differentiation, 
apoptosis, and the heat shock response of the HaCaT cells after chemical treatment, 
since JNK activation can precede apoptosis, inhibit differentiation and is modulated by 
HSPs (Mosser et al., 2000; Gazel et al., 2006; Lu et al., 2011). The depilatory treatments 
lasted for four minutes and were carried out in triplicate.  
The amount of HSP27 did not vary significantly with any of the treatments (p=0.376, 
Kruskal-Wallis test). Nevertheless, in each experiment the quantity of HSP27 appeared 
to decrease with decreasing concentrations of potassium thioglycolate and guanidine 
carbonate, and was higher in untreated samples than in samples with DMSO, but the 
differences were not significant (fig. 5.41A). 
The levels of HSP70 did not vary significantly with any of the treatments (p=0.221, 
Kruskal-Wallis test). However, again the amount of HSP70 in the untreated samples was 
always higher than in the untreated samples with DMSO, and the amount in 4.5mM 
potassium thioglycolate was always higher than in 0.45M potassium thioglycolate with 
JNK inhibitor II, but the differences were not significant (fig. 5.41B). Together, the results 
from HSP27 and HSP70 indicate that there were no significant changes in the expression 
of HSP with treatment. 
The amount of keratin 14 found 1 hour post-treatment did not vary significantly with 
any of the treatments (p=0.118, Kruskal-Wallis test). Yet, in each experiment, less 
keratin 14 was always found in cells treated with 0.45M potassium thioglycolate and JNK 
inhibitor II than cells treated with 45mM or 4.5mM potassium thioglycolate and JNK 
inhibitor II, but the differences were not significant (fig. 5.42A). 
The quantity of keratin 14 found 48 hours post-treatment did not vary significantly with 
any of the treatments (p=0.122, Kruskal-Wallis test). In each experiment higher than or 
equal levels of keratin 14 were found in 0.45M potassium thioglycolate compared to 
45mM potassium thioglycolate, and more keratin 14 was found in 4.4mM than 44mM 
guanidine carbonate, but the differences were not significant (fig. 5.42B). 
The amount of involucrin did vary significantly between samples with and without the 
JNK inhibitor II (p=7.81x10-7, Kruskal-Wallis test). In addition to this, in each experiment, 
though the differences were not significant, involucrin levels in cells treated with 4.5mM 
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 potassium thioglycolate with JNK inhibitor II were always higher than in cells treated 
with 0.45M or 45mM potassium thioglycolate and JNK inhibitor II. Also, involucrin levels 
in 4.5mM potassium thioglycolate treated cells were always higher than in 4.4mM 
guanidine carbonate treated cells (fig. 5.43). Non-specific bands at lower molecular 
weights were excluded from analysis as they were likely to be from non-specific 
secondary polyclonal antibody binding. These results suggest only the JNK inhibitor is 
significantly affecting differentiation, and the depilatory treatments are not affecting 
the differentiation of the HaCaT cells. 
5.3.2.4. Effect of depilatory chemicals on HaCaT expression of differentiation, proliferation 
and acute stress response proteins detected using immunofluorescence 
HaCaT cells were grown in 2D cultures and treated with: 0.45M, 45mM and 4.5mM 
potassium thioglycolate with and without JNK inhibitor II; JNK inhibitor II alone; DMSO; 
and 44mM and 4.4mM guanidine carbonate. The higher concentration of 0.44M 
guanidine carbonate was not used as it was shown earlier to kill the HaCaT cells. Lower 
concentrations of potassium thioglycolate and guanidine carbonate were used upon 
HaCaT cells because they lack the defensive barrier function of the epidermal model 
reflecting upon the lower quantity which may reach the basal cell layer, and smaller 
concentrations can test for more acute responses from the HaCaT cells. 
Immunofluorescence was carried out on the HaCaT cells against HSP27, HSP70, keratin 
14 and actin 1 hour post-treatment, and keratin 14, actin, involucrin and Ki67 48 hours 
post-treatment. 
Staining of HaCaT cells 1 hour post-treatment against HSP27 showed slight changes with 
treatment, but they were not significantly different (fig. 5.46A). This supports the data 
obtained by Western blotting. HSP27 positive cells were found amongst the untreated 
cells as well as in all the treated cells, particularly at the edges of colonies (fig. 5.44). The 
average number of positive cells was lower in untreated cultures with added DMSO at 
16% compared to 28% in the completely untreated culture (fig. 5.46A). Cells treated with 
the JNK inhibitor II also had lower HSP27 positive cells at 22% than untreated cells. With 
the addition of potassium thioglycolate the average number of HSP27 positive cells 
varied from 29% to 24% to 30% for 0.45M, 45mM and 4.5mM respectively, suggesting 
there is little true impact of the treatment upon HSP27 levels. When JNK inhibitor II was 
also added to the potassium thioglycolate treated cells, there were more HSP27 positive 
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 cells, at 41%, 27% and 34% for 0.45M, 45mM and 4.5mM respectively. The average 
percentage of HSP27 positive cells found in guanidine carbonate treated cells was less 
than that found in the untreated cells, of 25% and 17% for 44mM and 4.4mM guanidine 
carbonate respectively. 
As with HSP27, there was no significant difference between the levels of HSP70 positive 
cells with the treatments 1 hour post-treatment (fig. 5.46B), and HSP70 positive cells 
were found in untreated and treated samples (fig. 5.45). There were far fewer HSP70 
positive cells in the untreated culture of only 10%, which increased to 36% with the 
addition of DMSO (fig. 5.46B). The average percentage of HSP70 positive cells decreased 
to 20% with the addition of JNK inhibitor II. With the addition of potassium thioglycolate 
the average number of HSP70 positive cells increased compared to untreated cells from 
46% to 22% to 49% for 0.45M, 45mM and 4.5mM potassium thioglycolate respectively. 
The addition of the JNK inhibitor II to the potassium thioglycolate treated cells did little 
to change the percentage of HSP70 positive cells. The average percentage of HSP70 
positive cells in guanidine carbonate treated cultures decreased with guanidine 
carbonate concentration, from 33% to 24% with 44mM and 4.4mM respectively. 
Immunofluorescence showed that all the HaCaT cells express keratin 14 at 1 hour post-
treatment particularly strongly at the edge of colonies, and there was little expression 
where the cells have differentiated at the centre of colonies (fig. 5.47). This was also 
seen in the cells 48 hours post-treatment, though the staining appeared weaker, 
perhaps due to higher levels of cell differentiation after an extra 47 hours (fig. 5.48). 
Immunofluorescence showed that there were few involucrin positive cells 48 hours 
post-treatment in untreated, untreated with DMSO, and untreated with JNK inhibitor II 
cells (fig. 5.49). More cells appeared to be involucrin positive in potassium thioglycolate 
treated cultures, and then even slightly more in potassium thioglycolate treated cells 
with added JNK inhibitor II. Few cells were involucrin positive in 44mM guanidine 
carbonate treated cultures, and more were positive in 4.4mM guanidine carbonate 
treated cultures, which suggests there may not be a true difference between them. 
All of the cells expressed filamentous actin, as detected by phalloidin binding, and stress 
fibres can be seen at the edges of colonies (fig. 5.44, 5.45, 5.47, 5.48). Interestingly, 
when the cells were treated with the JNK inhibitor II, the cells appeared much larger (fig. 
5.48, 5.49), except for when there was not 100% confluency for which all cells appeared 
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 the same size (fig. 5.44, 5.45, 5.47). This suggests that at complete confluency, inhibiting 
JNK allows cells to grow larger, perhaps because they are differentiating. Also, where 
the cells have been treated with depilatories, some cells may have been destroyed, 
creating more space for new cell growth. Counting the number of cells undergoing 
apoptosis gives a further indication whether the cells are negatively affected by the 
depilatories. Cells in which the nucleus was blebbing or with small, distorted and brightly 
DAPI stained nuclei were counted as apoptotic cells. Cells counted 1 hour post-
treatment showed a higher average number of cells were apoptotic in the 0.45M 
potassium thioglycolate treatment with added JNK inhibitor than any other condition, 
followed by 45mM potassium thioglycolate, and finally the 44mM guanidine carbonate 
treatment (fig. 5.50A), though the differences were not significant. Apoptotic cells 
counted 48 hours post-treatment did show a significant increase in apoptosis after 
treatment with 0.45M potassium thioglycolate with added JNK inhibitor II (p=5.30x10-5, 
Kruskal-Wallis test) (fig. 5.50B). The average percentage of untreated cells undergoing 
apoptosis was 0.7%, added DMSO increased that to 0.9%, and added JNK inhibitor II 
increased it further to 1.7% (fig. 5.50B). Potassium thioglycolate alone had a low rate of 
1.2%, 0.6% and 1.0% for 0.45M, 45mM and 4.5mM respectively (fig. 5.50B). This is a 
different result to the cell viability assay which showed an average decrease in viability 
of 24%, 12% and 0% for 0.45M, 45mM and 4.5mM potassium thioglycolate respectively. 
This difference may be due to the cell viability assay measuring metabolically active cells, 
whereas counting the numbers of blebbing or fractured nuclei only gives the number of 
cells in a late stage of apoptosis and also does not account for cells which have previously 
apoptosed and have been washed away. Adding JNK inhibitor II to the potassium 
thioglycolate increased the number of apoptotic cells significantly to 3.9% for 0.45M 
potassium thioglycolate and non-significantly to 2.1% and 1.6% for 45mM and 4.5mM 
respectively, suggesting the JNK inhibitor II is not preventing apoptosis (fig. 5.50B). 
Guanidine carbonate treated cells also had slightly elevated levels of apoptotic cells of 
1.7% and 1.0% for 44mM and 4.4mM guanidine carbonate respectively (fig. 5.50B). 
Again, this is different to the cell viability assay results which showed an average 
decrease in viability of 13% and 1% for 44mM and 4.4mM guanidine carbonate 
respectively. The reason for the difference in the percentages of viable cells for the 
44mM treatment are similar to those described previously, but the decrease in only 1% 
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 of the cells treated with 4.4mM shows the lowest concentration of guanidine carbonate 
is not affecting HaCaT cell viability. 
The number of Ki67 positive cells were counted separately as mitotic (M-phase) cells 
and cells in S-phase. Immunofluorescence shows the bright cells as cells in M-phase and 
the speckled cells as cells in S-phase (fig. 5.49) (Van Dierendonck et al., 1989; Manoir et 
al., 1991; Zambon, 2011). In untreated cells, there was an average percentage of 1.6% 
of cells in M-phase, reducing slightly to 1.4% with the addition of DMSO, and to 0.4% 
with the addition of JNK inhibitor II (fig. 5.50B). Cells treated with potassium 
thioglycolate had fewer cells in M-phase than untreated cells at 0.9%, 1.2%, and 1.0% 
for 0.45M, 45mM and 4.5mM respectively (fig. 5.50B). The percentage of cells in M-
phase significantly decreased in the potassium thioglycolate treated cells with added 
JNK inhibitor II to 0.2%, 0.03%, and 0.3% for 0.45M, 45mM and 4.5mM potassium 
thioglycolate respectively (p=1.30x10-5, Kruskal-Wallis test) (fig. 5.50B). The percentage 
of cells in M-phase in guanidine carbonate treated cultures was closer to that of 
untreated cultures at 1.4% and 1.9% for 44mM and 4.4mM respectively (fig. 5.50B). 
There were many more cells in S-phase than in M-phase. There were significant 
differences between the numbers of cells in S-phase for each condition (p=0.053, 
Kruskal-Wallis test). In untreated cells 13% on average were in S-phase, and with 
addition of DMSO 12% were in S-phase, which increased to 30% with JNK inhibitor II (fig. 
5.50B). Potassium thioglycolate also had higher levels of cells in S-phase than the 
untreated cells, averaging 20%, 16% and 21% for 0.45M, 45mM and 4.5mM respectively 
(fig. 5.50B). This remained similar for potassium thioglycolate treated cells with added 
JNK inhibitor II at 20%, 22% and 13% 0.45M, 45mM and 4.5mM respectively (fig. 5.50B). 
Guanidine carbonate treated cells varied from an average of 14% of cells in S-phase in 
44mM solution to 29% in 4.4M solution (fig. 5.50B). 
In conclusion, Western blot data supports the immunofluorescence data, as 
immunofluorescence of the HaCaT cells show that neither potassium thioglycolate nor 
guanidine carbonate significantly affected the levels of HSP in the cells. Involucrin was 
found to be stronger in potassium thioglycolate treated cells as well as when JNK 
inhibitor was added, unlike in the Western blot data. There was also a significant 
decrease in the number of cells in M-phase, an increase in the number of cells in S-phase, 
and increase in the number of apoptotic cells when potassium thioglycolate with added 
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 JNK inhibitor II was used to treat the cells. Other findings included weaker staining of 
keratin 14 after an extra 47 hours growth post-treatment, and treatment with JNK 
inhibitor II was correlated with larger cell size. Therefore overall, the 
immunofluorescence results show that only when treated with potassium thioglycolate 
with added JNK inhibitor II, HaCaT cells were driven to differentiate and some were 
stressed into apoptosis. 
5.3.2.5. Cornified envelopes are affected by potassium thioglycolate treatment 
Cornified envelopes were extracted from rat ear tips (Maatta et al., 2001; Sevilla et al., 
2007) so that the effects of potassium thioglycolate and guanidine carbonate could be 
tested upon the cells of the stratum corneum. The cornified envelopes were stained 
with Nile red to visualise the covalently bound lipids at the surface of the envelopes and 
imaged using confocal microscopy to look for changes in structure compared to the 
untreated control cornified envelopes (fig. 5.51A). The cornified envelopes tested with 
0.1M guanidine carbonate showed that it had no effect upon them (fig. 5.51B), as they 
appeared similar to the controls (fig. 5.51A) in structure and Nile red staining. However, 
the cornified envelopes treated with 0.45M potassium thioglycolate showed a more 
irregular shape and brightly stained aggregates upon their surface (fig. 5.51C). The 
cornified envelopes treated with 0.2M potassium thioglycolate and 0.2M guanidine 
carbonate also showed signs of aggregates upon them (fig. 5.51D). Since stained with 
Nile red it is likely that these aggregates are lipid based. It appeared that lipid aggregates 
had formed on the cornified envelopes where the treatment included potassium 
thioglycolate. This may have occurred because thioglycolate has been shown to impair 
the stratum corneum barrier function of the skin through changes to the secondary 
structure of proteins, reducing the disulphide bonds, and disruption of lipid 
hydrocarbons from the stratum corneum (Wahlberg, 1972; Suhonen et al., 1999; Rastogi 
and Singh, 2003; Lee et al., 2008). 
5.3.2.6. H&E of the 3D epidermal model shows treatment effects upon epidermal thickness 
and morphology 
To provide a realistic model of the epidermis to test the chemical depilatories upon, a 
3D model was made using HEKn cells. This model comprised all the epidermal cell layers, 
including the barrier function of the stratum corneum, so this model gave an added 
defence to the skin from the chaotropic depilatories. 
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 Cryosections of the models were taken in order to obtain thickness measurements of 
the epidermis. The epidermal thickness may give an indication of the extent of 
proliferation or differentiation occurring, or whether cells had been destroyed by 
treatments. No significant differences were found between the thicknesses of untreated 
and treated epidermal models 48 hours post-treatment (p=0.249, Kruskal-Wallis test). 
This also supports the findings of the 2D cultures. However, many of the models did not 
grow very well and there was at times a distinct variation of thickness within an 
individual model which makes it difficult to have firm conclusions of thickness. Non-
significant differences were noted between the samples. Untreated epidermis (fig. 
5.52A) was thicker averaging at 42µm than with the addition of DMSO at 35µm (fig. 
5.52B and 5.54A). JNK inhibitor II increased the average thickness of the epidermal 
model to 53µm (fig. 5.52C and 5.54A). Treatment with 0.45M potassium thioglycolate 
produced the thickest average epidermis of 60µm (fig. 5.52D and 5.54A), and addition 
of JNK inhibitor II decreased this thickness to 43µm (fig. 5.54E and 5.54A). The average 
thickness after treatment with 0.44M guanidine carbonate was 43µm and 
approximately equal to that of the untreated epidermal model (fig. 5.52F and 5.54A). 
There was less of a difference between samples 96 hours post-treatment (p=0.314, 
Kruskal-Wallis test). Again there were small differences between the average 
thicknesses of the various epidermal treatments. Untreated epidermis alone (fig. 5.53A) 
was again thicker at 54µm than the untreated epidermis with the addition of DMSO at 
42µm (fig. 5.53B and 5.54B). Unlike at 48 hours post-treatment, after 96 hours the 
epidermal models treated with JNK inhibitor II had the lowest average thicknesses of all 
the treatments of 31µm (fig. 5.53C and 5.54B). This may be due to the inhibition of JNK 
driving differentiation, and depleting the basal cells. Treatment with 0.45M potassium 
thioglycolate again gave the thickest average epidermal measurements of 58µm (fig. 
5.53D and 5.54B), perhaps due to increased proliferation and differentiation, and again 
the average thickness decreased with inhibition of JNK to 46µm (fig. 5.53E and 5.54B). 
Finally, 96 hours post-treatment with 0.44M guanidine carbonate gave an average 
thickness of 45µm which is lower than that of the untreated epidermis (fig. 5.53F and 
5.54B). 
H&E stained paraffin sections show the morphology of the epidermal model after each 
treatment. The untreated epidermis after 12 days at the air-liquid interface (48 hours 
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 post-treatment of other samples) shows the stratum basale, the stratum spinosum 
above, followed by the stratum granulosum, and finally the stratum corneum (fig. 
5.55A). With the addition of DMSO as a control for JNK inhibitor II treated samples, there 
appeared to be little change to the morphology of the epidermis; the basal cells line the 
insert, and the stratum spinosum, granulosum and corneum are clearly present (fig. 
5.55B). Some epidermal models treated with JNK inhibitor II for 48 hours showed few 
basal cells, though others had fewer differentiated cells and a thin stratum corneum (fig. 
5.55C). Although unexpected, the accelerated differentiation caused by the JNK 
inhibition might have led to a model with a thin epidermis as it consequently drives a 
faster need to replace those cells and exhausts the proliferative potential of the basal 
cells. There appeared to be little effect of 0.45M potassium thioglycolate on the 
epidermis 48 hours post-treatment, as figure 5.55D shows, though the stratum corneum 
may be slightly thinner. There was not obvious damage to the stratum corneum as 
observed in the isolated cornified envelopes which had been treated with potassium 
thioglycolate, with the exception of the epidermal model in figure 5.55E where the 
uppermost layer of cells, possibly the stratum corneum, appeared deformed. The 
aggregates observed on the treated isolated cornified envelopes may have been washed 
away by the H&E process. With the addition of JNK inhibitor II the stratum corneum 
appeared thinner, and in figure 5.55E the stratum corneum appeared to be covered by 
a layer of denatured cellular matter. The epidermis 48 hours post-treatment with 0.44M 
guanidine carbonate appeared relatively normal (fig. 5.55F). 
The epidermal models 96 hours post-treatment generally appeared to have depleted 
the stratum basale and appear thinner than the models at 48 hours post-treatment. The 
untreated epidermis 96 hours post-treatment shows the four strata (fig. 5.56A). The 
epidermis model treated with only DMSO appeared very thin with few basal cells (fig. 
5.56B). The epidermis treated with JNK inhibitor II for 96 hours had few living cells as 
well as a relatively thin stratum corneum (fig. 5.56C). The morphology of the epidermis 
after 96 hours post-treatment with 0.45M potassium thioglycolate appeared quite 
organised, with many basal cells and cells of the stratum spinosum, though there were 
few cells of the stratum granulosum, and there was stratum corneum present (fig. 
5.56D). With the addition of JNK inhibitor II to the previous treatment, few living cell 
layers result, with more differentiated cells present (fig. 5.56E). Finally, the epidermis 96 
hours post-treatment with 0.44M guanidine carbonate appeared to have fewer basal 
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 cells, but a thick stratum corneum (fig. 5.56F). These results show that the epidermal 
structure is relatively resistant to treatment with potassium thioglycolate and guanidine 
carbonate. 
5.3.2.7. 3D epidermal model immunohistochemistry 
Immunohistochemistry was performed upon paraffin sections of the 3D HEKn epidermal 
model against HSP27, HSP70, keratin 14, involucrin and phalloidin 48 hours and 96 hours 
post-treatment. Immunohistochemistry images showing Ki67 were not included 
because the antibody strongly binds to the insert the cells are grown on, causing 
difficulty in identifying Ki67 positive cells. The treatments were for four minutes with 
the depilatory strength 0.45M potassium thioglycolate and 0.44M guanidine carbonate 
separately. The full strength depilatories were used for a direct comparison to the 
effects upon the epidermis in vivo. As with the previous experiments, 50µM JNK inhibitor 
II was added to a potassium thioglycolate treatment to test its effects upon proliferation, 
differentiation, and the acute stress response. For controls, untreated cells were used 
alone, along with the separate addition of 50µM JNK inhibitor II and DMSO. 
HSP27 was present in the stratum spinosum and granulosum of the untreated epidermis 
model after 12 days at the air-liquid interface (fig. 5.57A). This is where it has been 
shown to be expressed in normal epidermal tissue (Huang et al., 2003; Yusuf et al., 
2009). It was also present in the stratum spinosum when DMSO had been added (fig. 
5.57B). In JNK inhibitor II treated epidermis, HSP27 appeared to be present, though at 
lower levels and not continuously, in the stratum basale, spinosum and granulosum (fig. 
5.57C). The cultures treated with 0.45M potassium thioglycolate showed the HPS27 
present in the stratum spinosum and granulosum (fig. 5.57D). The addition of JNK 
inhibitor II to the potassium thioglycolate still showed HSP27 present in the stratum 
spinosum and granulosum, although there also appeared to be a layer of denatured 
cellular material on top of the stratum corneum which expressed HSP27 (fig. 5.57E). This 
may also be part of the stratum corneum as it is likely to bind antibodies non-specifically 
(Abreu-Velez et al., 2012). Finally, 0.44M guanidine carbonate treated hair showed 
HSP27 present in the stratum spinosum and granulosum (fig. 5.57). These results 
showed there is little change in HSP27 at 48 hours post-treatment. At 96 hours post-
treatment there appeared to be little HSP27 expressed. It was still expressed, though 
faintly, in the untreated epidermis model stratum spinosum and granulosum at the 
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 equivalent of 14 days at the air-liquid interface, and few basal cells are present (fig. 
5.58A). With the addition of DMSO the signal was very faint and only just detectable in 
a couple of cells of the stratum spinosum or granulosum (fig. 5.58B). With the addition 
of JNK inhibitor II, HSP27 was barely detectable (fig. 5.58C). Treatment with 0.45M 
potassium thioglycolate seemed to cause the epidermis to express HSP27, as it appeared 
to be present in the stratum spinosum and granulosum layers (fig. 5.58D). The addition 
of JNK inhibitor II to the potassium thioglycolate treatment caused the HSP27 signal to 
appear diffuse and possibly present in the stratum corneum of the epidermis as well as 
the stratum spinosum and granulosum (fig. 5.58E). This may be due to the drive towards 
differentiation causing HSP27 to become involved in the cornified envelope. There was 
little and diffuse signal from the 0.44M guanidine carbonate treated cells of HSP27 (fig. 
5.58F). 
HSP70 is usually expressed constitutively throughout the epidermis (Huang et al., 2003; 
Yusuf et al., 2009). HSP70 expression was observed at low levels in the untreated 
epidermis model 48 hours post-treatment (fig. 5.59A). It was more clearly expressed 
throughout the living cell layers in the epidermal model treated with DMSO (fig. 5.59B). 
Expression of HSP70 was observed in the living cell layers and less strongly in the stratum 
corneum of the untreated epidermal model with added JNK inhibitor II (fig. 5.59C). The 
epidermal models treated with potassium thioglycolate show HSP70 was present mostly 
in the living cell layers, though the signal was weak (fig. 5.59D). With the addition of JNK 
inhibitor II to the potassium thioglycolate treated cells, there was stronger staining 
throughout the epidermis, including the cellular matter on top of the stratum corneum 
(fig. 5.59E). The epidermal model treated with guanidine carbonate showed the HSP70 
expressed throughout the cell layers (fig. 5.59F). This shows there was expression of 
HSP70 48 hours post-treatment, however, there was no HSP70 expression in the 
epidermal model 96 hours post-treatment (fig. 5.60). 
Keratin 14 is expressed in all active cells in the basal layer and downregulation occurs 
with differentiation (Fuchs and Green, 1980; Moll et al., 1982; Fuchs, 2008). The 
untreated epidermis showed the keratin 14 present in the stratum basale with 
expression tapering off with differentiation (fig. 5.59A). With the addition of DMSO to 
the untreated epidermis, keratin 14 expression was strong in the stratum basale and 
also in the stratum spinosum, it was less strong in the stratum granulosum and was not 
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 detectable in the stratum corneum (fig. 5.59B). The presence of keratin 14 in the stratum 
spinosum was normal as it is a long-lived protein and does not necessarily disappear 
immediately when cells differentiate. This distribution of expression was also seen in the 
untreated epidermis with the addition of JNK inhibitor II (fig. 5.59C). In epidermal 
models treated with potassium thioglycolate there was strong expression in the stratum 
basale and spinosum layers, which reduces into the granulosum layer (fig. 5.59D). With 
the addition of JNK inhibitor II to the potassium thioglycolate treated epidermis, keratin 
14 expression remained strong in the stratum basale, reducing with differentiation, 
however the cellular matter residing above the stratum corneum also expressed keratin 
14 (5.58E). Expression of keratin 14 was also strong in epidermal models treated with 
guanidine carbonate, particularly in the basal cells and some cells of the stratum 
spinosum (fig. 5.59F). There was much less expression of keratin 14 in epidermal models 
96 hours post-treatment (fig. 5.60). In the untreated epidermal model keratin 14 was 
expressed in the living cell layers (fig. 5.60A), but this expression decreased with the 
addition of DMSO (fig. 5.60B). The addition of JNK inhibitor II also saw a decrease in 
keratin 14 expression, though there was expression in the thin living cell layers (fig. 
5.60C). Again, less expression of keratin 14 was observed in cells treated with potassium 
thioglycolate as more differentiation had occurred and there were fewer living cells 
present, especially basal cells. Though the bottom layer of cells appeared to be of the 
stratum spinosum and expressed keratin 14, with the layer above expressing less (fig. 
5.60D). The epidermal models treated with potassium thioglycolate and JNK inhibitor II 
did not express any keratin 14 (fig. 5.60E). A small degree of keratin 14 expression was 
only observed in the least differentiated bottom layer of cells which appeared to be of 
the stratum spinosum in the guanidine carbonate treated epidermis (fig. 5.60F). The 
epidermal models with little keratin 14 expression suggest the mitotically active basal 
cell population have been depleted, and this occurred in 96 hour post-treatment models 
treated with potassium thioglycolate with JNK inhibitor and guanidine carbonate in 
particular. 
Involucrin has been shown to be an early indicator of keratinocyte differentiation to the 
cornified envelope (Steinert and Marekov, 1997; Marekov and Steinert, 1998; Steinert 
and Marekov, 1999). In the untreated epidermal model 48 hours post-treatment 
involucrin expression began in the stratum spinosum and became stronger in the 
stratum granulosum, and a small amount appeared detectable in the stratum corneum 
358 
 (fig. 5.61A). The expression pattern appeared similar with the addition of DMSO (fig. 
5.61B). However, with the addition of JNK inhibitor II, involucrin appeared earlier in cell 
layers and expression in the cells beneath the stratum corneum appeared weaker than 
in untreated epidermis (fig. 5.61C). Epidermal models treated with potassium 
thioglycolate showed involucrin expression began in the stratum spinosum and 
increased in the stratum granulosum (fig. 5.61D). Again, the addition of JNK inhibitor II 
to the potassium thioglycolate treated cells caused the involucrin to appear earlier in 
the cell layers (fig. 5.61E). Here involucrin was also expressed in the cellular matter 
above the stratum corneum. Keratinocytes treated with guanidine carbonate also show 
involucrin expression in the stratum spinosum and granulosum (fig. 5.61F). Involucrin 
was expressed 96 hours post-treatment, though there may be fewer cell layers present 
to express it (fig. 5.62). In the untreated epidermal model 96 hours post-treatment, 
involucrin was expressed in the stratum spinosum and granulosum (fig. 5.62A). With the 
addition of DMSO there was less involucrin expression though it was still present in the 
outer living cell layers of the epidermis (fig. 5.62B). With the addition of JNK inhibitor II, 
involucrin expression was observed in stratum spinosum, increasing in the stratum 
granulosum and weakly in the stratum corneum (fig. 5.62C). Potassium thioglycolate 
treated epidermal models show involucrin expression started in the stratum spinosum 
and was stronger in the stratum granulosum, and weaker in the stratum corneum (fig. 
5.62D). The addition of JNK inhibitor II to the potassium thioglycolate treated 
keratinocytes depleted the cell layers by 96 hours post-treatment, which resulted in 
weak involucrin expression in the remaining living cell layer of the stratum granulosum 
and in the stratum corneum (fig. 5.62E). Finally, treatment of keratinocytes with 
guanidine carbonate resulted in involucrin expression in the outer living cell layers of 
the epidermis (fig. 5.62F). 
Phalloidin stained the filamentous actin in the epidermal models and showed the 
structure of the epidermis. In the untreated epidermis, 48 hours post-treatment, 
phalloidin stained all of the cell layers and increased in intensity in the stratum corneum 
(fig. 5.63A). With the addition of DMSO, phalloidin again stained the whole epidermis, 
particularly the stratum corneum (fig. 5.63B). Using phalloidin shows the stratum 
corneum is thicker in epidermal models treated with JNK inhibitor II for 48 hours (fig. 
5.63C). Phalloidin also showed the intact stratum corneum of the potassium 
thioglycolate treated epidermal model (fig. 5.63D). With the addition of JNK inhibitor II 
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 to the potassium thioglycolate treated cells, phalloidin stained all of the cell layers 
including the stratum corneum (fig. 5.63E). This was also true for guanidine carbonate 
treated cells (fig. 5.63F). For epidermal models 96 hours post-treatment, the phalloidin 
showed the extent of the stratum corneum along with the living cell layers. For the 
untreated epidermis, phalloidin showed there were still many living cell layers present 
with a thick epidermis (fig. 5.64A). With the addition of DMSO, the actin was stained 
brightly showing a thick stratum corneum, though there were fewer living cell layers (fig. 
5.64B). There were even fewer living cell layers in the JNK inhibitor II treated epidermis, 
and the phalloidin staining showed the stratum corneum breaking away from the 
epidermis (fig. 5.64C). In the potassium thioglycolate treated keratinocytes there were 
more differentiated cell layers along with several layers of stratum corneum (fig. 5.64D). 
With the addition of JNK inhibitor II to potassium thioglycolate treated cells there were 
fewer living cell layers along with the stratum corneum layer (fig. 5.64E). The guanidine 
carbonate treated cells showed an equal number of living cell layers to the potassium 
thioglycolate treated cells and an intact stratum corneum for protection from the 
depilatory (fig. 5.64F). 
In conclusion, the treatments did not appear to affect HSP expression in the epidermis. 
Increased differentiation caused by the JNK inhibitor II caused less keratin 14 expression, 
involucrin to appear earlier in the cell layers and a thicker stratum corneum. However, 
the depilatory treatments did not appear to have an effect on keratinocyte proliferation, 
differentiation or the acute stress response. 
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 5.4. Discussion 
5.4.1. Effects of depilatory treatments upon the hair 
Each of the commercial and novel depilatory treatments are summarised and discussed 
with respect to their effect upon the hair. 
5.4.1.1. The hydrophilic endocuticle and keratin filaments contribute to swelling during hair 
hydration 
Hydration of the untreated hair caused a small increase in diameter of an average of 
13.1%. A similar measure of swelling has been recorded previously as the hydration 
breaks the hydrogen bonds and electrostatic bonds in the keratin (Corbett, 1976; Xiao 
and Hu, 2016). The endocuticle is particularly susceptible to swelling with hydration due 
to its low cross-linking density and both the endocuticle and keratin contains hydrophilic 
polar groups contributing to swelling during hydration (Swift and Bews, 1976; Richena 
and Rezende, 2016). After treatment with depilatories containing potassium 
thioglycolate, water may contribute to the increase in the swelling of the hair after the 
structure has been compromised (Reed et al., 1946; Powers and Barnett, 1952). 
It was found that there was no significant difference in the swelling of the sub-skin-
surface root and distal tip of the hair. Since the root of the hair is in an aqueous 
environment in the skin (Mathes et al., 2016), once plucked it would have dried out. This 
would have allowed it to swell a similar amount to the distal tip of the hair once hydrated 
again. 
5.4.1.2. Calcium thioglycolate is more efficacious than other non-thioglycolate based 
chemistries 
Treatment of the hair with the Sally Hansen Facial Depilatory, the active depilatory 
component of which is calcium thioglycolate, showed that there was loss of cuticle and 
change to the fluorophores or chemical environment of the hair. This was shown by a 
significant difference between the lifetime of the untreated hair cuticle and that of the 
calcium thioglycolate treated hair cuticle when the hair was excited with 640nm. The 
chemical environment of the hair may have been changed by the reduction of the 
disulphide bonds in the hair. There are no published papers on the mechanism of 
calcium thioglycolate induced chemical hair changes, though the mechanism is likely to 
be similar to that of potassium thioglycolate. The experiments upon the 3D epidermal 
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 model and the cornified envelopes also reflect some of the changes taking place in the 
hair. In some of the 3D models treated with potassium thioglycolate and JNK inhibitor II 
the top layers of the stratum corneum were denatured. Furthermore, in the potassium 
thioglycolate treated cornified envelopes stained with Nile red there were aggregates 
upon their surfaces. This suggests some structural and lipid damage to the corneocytes 
of the stratum corneum, which may also be occurring in the hair cuticle. This work is 
supported by previous studies of calcium thioglycolate application to the stratum 
corneum. These studies showed loosening and absence of the intracellular keratin 
matrix and weakening of the intercellular adhesion of cornified envelopes as well as the 
intercellular lipid lamellae (Wahlberg, 1972; Suhonen et al., 1999; Rastogi and Singh, 
2003; Lee et al., 2008). 
The breaking of the disulphide bonds by calcium thioglycolate led to a break ratio 
reduction of 15%. This reduction in strength was more than treatments without 
thioglycolate, but less than those with potassium thioglycolate, suggesting potassium 
thioglycolate is more efficacious than calcium thioglycolate. 
An average swelling of 15.0% was reported after hydration of the treated hair, which 
although it had a faster increase in diameter than non-thioglycolate treated hairs, after 
ten minutes the difference was not significant. It may have had a faster increase in 
diameter than hairs treated with chemicals other than thioglycolate because the water 
molecules would be able to penetrate the hair faster since the structure had already 
been damaged by the reduction of disulphide bonds. However, the damage was not 
extensive enough to distinguish the swelling from that of untreated hair. 
These results show that calcium thioglycolate treatment significantly affected the 
fluorescence lifetimes in the hair, therefore changing the chemical environment of the 
hair. This treatment also reduced the strength of the hair, though is less efficacious than 
treatments which include potassium thioglycolate as a component. 
5.4.1.3. Potassium thioglycolate is the second most efficacious depilatory 
Treatment of the hair with 0.45M potassium thioglycolate caused loss and deformation 
of the cuticle cell layers and dramatic swelling of the hair. This may be occurring due to 
the keratin filaments becoming looser due to the broken disulphide bonds (Jachowicz 
and McMullen, 2011), and the water expanding the hair after the action of the 
potassium thioglycolate (Reed et al., 1946; Powers and Barnett, 1952). An average width 
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 increase was found of 136% and is significantly different to hydrated hair as well as hair 
treated with other thioglycolate compositions and guanidine carbonate. However, the 
TEM and maleimide showed the thioglycolate only attacked the outer 10µm of the hair. 
The large amount of swelling may be due to water accessing more of the keratin 
filaments in the cortex, which then evaporates back out when the hair dries. Measuring 
the swelling due to water at the widest point gave an average increase of 33.5%, and 
was significantly different to treatments not based upon potassium thioglycolate. The 
remaining swelling must be accounted for by the potassium thioglycolate solution. 
FLIM measurements showed that potassium thioglycolate significantly changed the 
fluorophores or chemical environment in the hair, as the lifetimes were significantly 
lower than the untreated hair lifetimes. Potassium thioglycolate reduces disulphide 
bonds in the KIFs and KAPs within the hair, which is likely to change the protein-protein 
interactions between the amino acid residues, affecting fluorophores, particularly 
tryptophan and its kynurenine oxidative metabolites as the disulphide bond in cystine 
has a quenching effect upon their fluorescence (Jachowicz and McMullen, 2011). 
Previous studies show that thioglycolate preferentially reduces the disulphide bonds 
within KAPs in the matrix and between the KAPs and KIFs, than within KIFs (Zabashta et 
al., 2012). The bonds are reduced within the KAPs causing them to change from an 
ellipsoidal protein to multiple spherical proteins (Suzuta et al., 2012). Ridges and troughs 
were visible in the cuticle of hairs imaged for FLIM which required dried hairs, and was 
perhaps caused by the evaporation of water from the hair after it had permeated the 
compromised structure. Calcium and potassium thioglycolate have lower fluorescence 
lifetimes than control hair in this experiment, whereas in the last chapter they had 
higher lifetimes. This may be because in the previous chapter an aqueous solution 
diluted by an order of ten was used in order to preserve the hair cuticle structure and 
hairs were treated individually, whereas here the hair had been treated by P&G using 
cream and a bundle of hair. The difference between aqueous and cream solution is that 
aqueous thioglycolate is more available to attack the hair, whereas hair treated in 
bundles with cream is limited by the close packing of the fibre and the cream is less 
efficacious (Reed et al., 1946). The concentration of potassium thioglycolate and the 
type of treatment may have affected the fluorescence lifetimes, but with either 
treatment the differences to untreated hair are significant and likely due to the 
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 The hair treated with potassium thioglycolate was also found to have a break ratio 
reduction of 27%. This means the strength of potassium thioglycolate treated hair is 
weaker than calcium thioglycolate treated hair, but stronger than hair treated with 
potassium thioglycolate with the addition of guanidine carbonate. 
5.4.1.4. Potassium thioglycolate with guanidine carbonate is the most efficacious 
depilatory 
Treatment of hair with 0.45M potassium thioglycolate and 0.44M guanidine carbonate 
resulted in the most damage to the hair. Treatment with potassium thioglycolate and 
guanidine carbonate caused invaginations into the hair and holes through the cuticle. 
Once the cuticle barrier was broken, this would have allowed more depilatory into the 
hair, contributing to the increased rate of swelling to a final increase in diameter of 
301%. This is supported by a previous study which has shown that the high pH of 
thioglycolate raises the cuticle cells, facilitating increased depilatory penetration into 
the hair (Velasco et al., 2009). P&G measured an average swelling of 39.7% after 
hydration which was significantly higher than other treatments, showing that water 
accounts for some of the swelling during treatment. 
The hair remains brightly autofluorescent after treatment which may be due to 
treatment of hair with thioglycolate. This increases tryptophan autofluorescence in the 
hair by decreasing the number of fluorescence quenching disulphide bonds, and 
increasing the space and mobility of the keratin chains (Jachowicz and McMullen, 2011). 
Much like the hairs treated with potassium thioglycolate alone, this treatment resulted 
in the outer approximate 10µm of the hair stained brightly with maleimide to show the 
area of reduced disulphide bonds. Although both treatments appeared to have 
penetrated the hair by the same distance, since potassium thioglycolate and guanidine 
carbonate is the more efficacious treatment it is likely to have been more efficient due 
to the action of guanidine, reducing more disulphide bonds and loosening keratin 
filaments more than treatment with potassium thioglycolate alone to grant a greater 
expansion with treatment. 
Cuticle cell layers became detached during treatment, which may have been because 
the CMC between the cuticle cell layers was dissolved (Chao et al., 1979; Strussman, 
1983; Zahn et al., 1986). Alternatively, cuticle cell layers may have become detached 
due to the extraction of S100A3, a calcium-binding protein of high cysteine content 
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 (Kizawa et al., 2002), from the endocuticle, which resulted in fracturing of the cuticle cell 
layers and loss of mechanical strength (Kizawa et al., 2005). This treatment degraded 
the cuticle cell layers, however some areas of the cuticle appeared less affected than 
others. The areas more affected may have already been thinner due to weathering, or 
there may have been an uneven distribution of chemicals in the treatment solution. 
It was surprising that FLIM of the treated hair did not show significant differences in 
lifetime compared to untreated hair despite extreme changes to the hair structure and 
morphology. This may be due to the guanidine in the treatment affecting the lifetime, 
bringing it back closer to the lifetime of untreated hair. FLIM might be more effective in 
showing differences in chemical environment of hair surrounded by the treatment 
solution, because once the hair dries, the chemical environment changes, and 
fluorescence lifetimes will not reflect the total damage occurring in an applied setting. 
Treatment with potassium thioglycolate and guanidine carbonate also gave a 56% 
reduction in the strength of the hair, which is the largest reduction in strength of all hair 
treated with thioglycolate or guanidine. 
5.4.1.5. Guanidine carbonate is not as effective without thioglycolate 
Treatment of the hair with guanidine carbonate at pH12.5 was shown only to disrupt 
the cuticle and showed little damage to the hair structure as a whole. Treatment of the 
hair with guanidine carbonate at pH11.4 would make a poor depilatory treatment as it 
appeared to have less effect on the structure and morphology of the hair than guanidine 
at the higher pH. Swelling was observed at the cut end of the hair, and there was an 
average increase in diameter of 13% after treatment, but it was not significantly 
different to control hair. This may be because although guanidine forms hydrogen bonds 
with the water which decreases the surface energy (Miyake and Oyama, 2009), and 
makes it easier for the keratin to unfold, the disulphide bonds within the hair are not 
cleaved. Guanidine carbonate and calcium hydroxide are used together as hair relaxers 
to chemically straighten curly hair. This occurs through the guanidine carbonate and 
calcium hydroxide reacting to produce calcium carbonate and the active chemical 
guanidine hydroxide. Guanidine hydroxide reacts with approximately 35% of the 
disulphide bonds in the cystine of the KIFs and KAPs to produce lanthionine (C6H12N2O4S) 
which is a monosulphide ester analogue of cystine (Khumalo et al., 2010; Miranda-Vilela 
et al., 2013). The treatment also results in minor hydrolysis of peptide bonds (Wong et 
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 al., 1994). However, this process had little effect on the straight Chinese scalp hair fibres 
and does not sufficiently weaken the hair to be considered as a depilatory treatment. 
The cuticle cell layers were shown to separate using TEM with guanidine at both pH12.5 
and pH11.4. The guanidine may affect the CMC between the cells, perhaps caused by 
the loss of 18-MEA (Miranda-Vilela et al., 2013). FLIM did not show any difference in 
cuticle lifetimes between guanidine carbonate at pH12.5 treated hair cuticles and the 
cuticles of the control hair. This suggests FLIM may not show all changes in the cuticle 
chemical environment or changes occurred which involved fluorophores not excited by 
470nm or 640nm. Although this may simply be due to the lower resolution of the FLIM 
images where the CMC may be undetectable. 
Sporadic low fluorescence lifetimes were found on the cuticle of hair treated with 
guanidine at pH11.4, which could be damaged areas, and may be linked to the TEM 
images showing some cuticle cells are more affected by the treatment than others. 
Surprisingly, guanidine at pH11.4 had a significantly higher cortex lifetime when excited 
with 640nm than control hair. As guanidine at pH12.5 did not cause a significant change 
in lifetime, the decrease in alkalinity of the treatment may be responsible. Alternatively, 
it may simply be due to variation between hairs and a larger sample size is required.  
Guanidine caused a break ratio reduction of 8% so the strength of the hair was 
decreased slightly. Previous studies have also shown a decrease in tensile strength of 
the hair (Miranda-Vilela et al., 2013). However, even at pH12.5, guanidine carbonate 
does not act as an effective depilatory, despite some changes to the hair structure. Only 
in conjunction with potassium thioglycolate does guanidine make an effective 
depilatory. 
5.4.1.6. Lithium bromide changes hair morphology dependent upon treatment 
temperature and duration 
Hair was treated with lithium bromide under four different conditions, only two of which 
appeared to affect the hair. Hair treated at 85°C or for 5 days appeared to have more 
compact cuticle cells, and the cortex of the hair treated at 85°C appeared swollen. The 
hair was observed to be very elastic which was likely due to the hydrogen bonds 
between the lithium bromide and keratin filaments stretching with the applied force. 
The break ratio reduction measurements for the hair treated at 25°C for 20 minutes 
found an 8% reduction in strength compared to untreated hair, so despite not affecting 
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 the whole hair, a smaller degree of penetration by lithium bromide is still sufficient to 
reduce its strength and be of value to hair care companies. The emission spectra appear 
normal and the only significant difference in fluorescence lifetime was that of the 
medullas of 470nm excited hair of the hairs which were treated for 5 days, perhaps 
because the lithium bromide had infiltrated the medulla by this time. 
As previously discussed, these differences may be due to the rate of lithium bromide 
penetration, which is dependent upon concentration, hair diameter and temperature 
(Haly and Griffith, 1958; Feughelman et al., 1962). The ability to make hairs shorter by 
contraction may be of interest to the hair care industry as hairs could be treated to 
appear shorter for longer, reducing the need to remove them. However, a catalyst may 
be required to speed up the process as these results show that penetration of lithium 
bromide into hair leading to contraction takes too long or is too hot for the treatment 
to be suitable as a depilatory. In addition to this, the high molarity required could 
become corrosive to the skin. 
5.4.1.7. Calcium iodide and SLS cause breakage of cuticle cells 
Hair was treated with calcium iodide which then precipitated out of the hair following 
the addition of SLS, resulting in parts of the cuticle cell fracturing away. A higher 
concentration of SLS at 28% caused the cuticle cells of the hair to become raised, as the 
strong surfactant would have removed some of the soluble lipids from the CMC and 
caused cuticle cell uplift (Gould and Sneath, 1985; Robbins, 2012). A study using 5% SLS 
showed that the cuticle cells became increasingly raised until they had been submerged 
in SLS for 15 hours, after which the cuticle cells became less raised (Singh and Umapathy, 
2011). This study suggests that the raising of cuticle cells may also be due to swelling of 
the epicuticle and A-layer, which after 15 hours in SLS are eroded away (Singh and 
Umapathy, 2011). 
With the addition of 25% calcium iodide to 2% SLS the structure of the hair cuticle is 
affected to varying degrees. Some hairs only showed the cuticle cells on the surface of 
the hair became raised, in other hairs many cell layers of the cuticle had been broken 
away by the precipitation of the calcium ions from the hair so that the cortex became 
visible. The visualisation of the beard hair cortex showed that the treatment removed 
several layers of cuticle cells. The variability in the results also suggest that some areas 
of the cuticle are weaker or more susceptible to calcium ion uptake. The calcium may 
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 be binding to S100A3 in the endocuticle, which results in fracturing of the cuticle cell 
layers when it is precipitated with the SLS (Kizawa et al., 2005). The calcium which is 
precipitated out of the hair by the SLS may also be present in the exocuticle and A-layer 
(Smart et al., 2009; Evans et al., 2011). 
There were no significant differences between the fluorescence lifetimes of calcium 
iodide and SLS treated hair, and untreated hair. This may be due to the fact that the 
calcium is removed from the hair by the SLS. Low lifetimes at the free edge of cuticle 
cells could be caused by the raised cuticle cells exposing the sublamellar structure of the 
cuticle, resulting in a different lifetime, or showing exposed areas of the cuticle which 
have been removed by the treatment. 
These results show that calcium iodide with SLS is effective at removing some of the 
cuticle cells. Repetition of the treatment over time may lead to hair loss, however it is 
unlikely to be suitable as a one-step hair removal treatment. 
5.4.1.8. CTAB and SLS causes cuticle cell flaring with loss of 18-MEA 
Hair treated with CTAB and SLS caused varying degrees of cuticle cell flaring. This is likely 
due to the CTAB removing the 18-MEA from the outer β-layer of the CMC, as well as 
removal of some soluble lipids from the CMC by the SLS and swelling of the A-layer and 
epicuticle (Gould and Sneath, 1985; Singh and Umapathy, 2011; Robbins, 2012). 
FLIM showed the free edge of each cuticle cell had a lower lifetime which could be 
caused by the raised cuticle cells exposing the cuticle sublamellar structure, resulting in 
a different lifetime. However, there were no significant differences between the 
fluorescence lifetimes of CTAB and SLS treated hair, and untreated hair. In the previous 
chapter, treatment of the hair with CTAB resulted in significantly different fluorescence 
lifetimes in the hair. The lifetime does not change significantly using the CTAB and SLS 
method because there may be residual CTAB on the hair and the released hair lipids may 
also be adhering to the hair surface as the hair was not rinsed under acidic conditions, 
as it was in the lipid extraction method (Smith et al., 2010). 
CTAB and SLS treatment removes 18-MEA from the hair surface, making it more 
hydrophilic, and the treatment reduces the strength of the hair by 5%. The increased 
hydrophilicity and reduction in hair strength may make the treatment attractive to hair 
care research, perhaps as a primer to make the hair more pliable to further treatments. 
378 
 5.4.2. Effects of depilatory treatments upon keratinocytes 
Although the chemicals tested may prove of use to the hair care industry in ways other 
than hair-removal, potassium thioglycolate with guanidine carbonate was found to be 
the most efficacious depilatory, second only to the commercial depilatory, potassium 
thioglycolate. Both of which were chosen, as the best novel and commercial 
depilatories, to be tested upon HaCaT cells in 2D culture and HEKn cells in 3D culture. 
The cell assays are discussed and then each of the proteins targeted with 
immunoblotting are summarised and discussed with respect to the effect upon them 
with potassium thioglycolate and guanidine carbonate. 
5.4.2.1. Cell survival and cell viability assays show 0.4M guanidine carbonate kills the HaCaT 
cells 
When the ability of the HaCaT cells to survive or remain viable was tested, it was 
revealed that 0.4M guanidine carbonate negatively affected these abilities. Very few 
HaCaT cells remain after 0.4M guanidine carbonate treatment, as shown by the cell 
viability assay measuring an average metabolic activity at only 7% of that of the 
untreated cells.  
Guanidine carbonate is likely to affect the cells negatively because it is a chaotropic 
agent. The molecule guanidine hydroxide has been shown to cause irritation in the scalp 
when used as a hair relaxer (Syed, 1995; Syed and Naqvi, 2000). Hence the effects of 
guanidine carbonate on HaCaT cells were studied using lower concentrations in 
immunoblotting and immunofluorescence. 
The fact that 0.4M guanidine carbonate lowers the viability of the HaCaT cells shows 
that it should not be used on wounds where the basal cells may be exposed. 
5.4.2.2. Cornified envelopes are affected by potassium thioglycolate treatment 
HaCaT cells treated with 0.45M and 0.2M potassium thioglycolate showed aggregates 
upon their surface. Thioglycolate has been shown to impair the barrier function of the 
skin through changes to the secondary structure of proteins, reducing the disulphide 
bonds, and disruption of lipid hydrocarbons from the stratum corneum (Wahlberg, 
1972; Suhonen et al., 1999; Rastogi and Singh, 2003; Lee et al., 2008). Additionally, when 
beard hair was treated with potassium thioglycolate, aggregates appeared on the cuticle 
surface, similar in appearance to those upon the cornified envelopes. This suggests the 
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 aggregates may have resulted from the disruption to the lipids and disulphide bonds in 
proteins of the cornified envelopes, however the isopeptide bonds induced by 
transglutaminase-3 are not affected and contribute most to cornified envelope rigidity 
(Thibaut et al., 2009). 
5.4.2.3. Heat shock proteins 27 and 70 are not involved in the stress response to depilatory 
treatment 
No significant differences were found in the levels of HSP27 or HSP70 between cell 
treatments. Only one non-significant finding was found which correlated between 
Western blotting, immunofluorescence of HaCaT cells and immunohistochemistry of the 
epidermal model. This finding was that HSP27 is higher in untreated samples than in 
samples with DMSO, so DMSO may inhibit HSP27 production slightly. In addition to this, 
less HSP is found 96 hours post-treatment. This is likely due to the expression of HSP 
attenuating with time, perhaps in response to handling of the cultures rather than due 
to the treatments as no significant differences were found between untreated cultures 
and treated cultures. There was no significant difference in HSP levels in cells treated 
with JNK inhibitor II, and JNK is modulated by HSPs (Mosser et al., 2000), again showing 
HSPs are unlikely to be involved in the response to depilatory treatment. These results 
suggest that stress to the cells from depilatory treatment is not affecting the HSP 
response. 
HSP27 and HSP70 have been shown to be upregulated in dermal allergic contact 
hypersensitivity and are involved in the immune response as they activate the toll-like 
receptor-4 which stimulates production of cytokines by dendritic cells to increase 
antigen presentation by T-cells (Yusuf et al., 2009). A previous study shows HSP27 and 
HSP70 are induced by dermal exposure to the vesicant sulphur mustard, and their 
expression has been shown to be suppressed by JNK inhibitor, suggesting MAP kinases 
regulate HSP27 and HSP70 (Black et al., 2011). 
Since stress to the skin has been observed from depilatory treatment in previous studies 
and cell viability has been lowered through depilatory treatment, it may be that 
proinflammatory cytokines are released after chemical depilatory treatment. There is 
evidence that that cytokines have a role in inflammation and expression of interleukin-
1α, interleukin-1 receptor antagonist, interleukin-8, and interleukin-10 becomes raised 
in the epidermis (Hauser et al., 1986; Nickoloff and Naidu, 1994; Perkins et al., 2001). 
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 One study has shown that guanidine carbonate treatment as a hair relaxer induces 
prostaglandin E2, and the cytokines interleukin-1α and interleukin-1 receptor antagonist 
expression (Tackey et al., 2013). Future work should include assays such as ELISAs from 
conditioned media or RT-PCR to measure the cytokine response to chemical depilatory 
treatment to assess irritation in the skin. 
5.4.2.4. Keratinocyte differentiation is not increased by depilatory treatment 
No significant differences were found in levels of keratin 14 between cell treatments. 
There appeared to be less keratin 14 expression with time, as the more time spent at 
the air-liquid interface the lower the keratin 14 expression, which is likely due to 
differentiation depleting the numbers of basal cells where keratin 14 is primarily 
expressed. 
Western blotting showed the amount of involucrin varied significantly only between cell 
cultures with and without the addition of JNK inhibitor II. This suggests only the JNK 
inhibitor is significantly affecting differentiation, not the depilatory treatments. 
Therefore, depilatory treatment does not increase levels of differentiation in 
keratinocytes. 
Raised expression of involucrin was observed by immunofluorescence in potassium 
thioglycolate treated HaCaT cells with added JNK inhibitor. Raised expression was also 
observed by immunohistochemistry of the same treatment in the stratum corneum of 
the epidermal model. However, the levels of involucrin were significantly lower in JNK 
inhibitor treated cultures when analysed using Western blotting when they would be 
expected to be higher due to increased differentiation. Previous studies show that 
inhibiting JNK with the JNK inhibitor II, SP600125, increases differentiation of 
keratinocytes (Gazel et al., 2006; Kitagawa et al., 2014) with increased involucrin 
expression (Gazel et al., 2006). The reason for the low amounts of involucrin detected 
with JNK inhibition treatment in Western blots could be because the proteins of the 
cornified envelope are insoluble (Rice and Green, 1977; Nemes and Steinert, 1999). The 
protein extraction method for Western blotting may not have extracted the involucrin 
from the cornified envelope, leading to the small amounts of involucrin on the blots. 
Most of the involucrin may have been within an increased number of cornified 
envelopes in JNK inhibitor treated cultures, or there could be less involucrin in the living 
cell layers of the JNK inhibitor treated cultures due to increased differentiation. 
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 In order to correctly measure the amount of involucrin present in JNK inhibitor II treated 
HaCaT cells, the involucrin cross-linked in the cornified envelopes needs to be liberated 
by trypsin digestion. However, analysis would be complicated by the cross-linked 
peptides containing parts of two different proteins. Alternatively, following a protocol 
from a successful blotting of involucrin should allow for correct quantification, such as 
in Gazel et al., 2006. 
5.4.2.5. Proliferation does not increase with depilatory treatment 
The proliferation marker, Ki67, showed there were significantly fewer cells in M-phase 
after potassium thioglycolate with JNK inhibitor II treatment. This significant difference 
was not observed in cells only treated with potassium thioglycolate or JNK inhibitor 
alone, so it is likely due to the combined effect of both treatments. The JNK inhibitor has 
been shown to reduce keratinocyte proliferation in previous studies (Gazel et al., 2006; 
Kitagawa et al., 2014), and this is supported by the significant increase in cells found in 
S-phase with JNK inhibitor treatment. 
Epidermal thickness measurements showed no significant differences between the 
treatments, suggesting if differentiation or proliferation had increased, so too had the 
rate of cornified envelopes sloughing off the stratum corneum or being retained to keep 
the epidermal thickness relatively constant. 
5.4.2.6. JNK inhibitor II treatment led to larger cells and increased apoptosis with potassium 
thioglycolate treatment 
When confluent cells were treated with the JNK inhibitor II, the cells appeared much 
larger. This phenomenon is unreported in the literature. This suggests that inhibiting JNK 
increases the size of the cell morphology, perhaps because they are differentiating, 
which involves the flattening of keratinocytes. It would be interesting to study the 
effects of JNK inhibition on cytoskeletal organisation. In addition, where the cells have 
been treated with depilatories, some cells may have been destroyed, creating more 
space for new cell spreading, however JNK inhibition has also been shown to inhibit cell 
mobility (Gazel et al., 2006). The JNK inhibitor II affects a large fraction of the kinome 
(Fabian et al., 2005), so may also be affecting cell growth. 
The numbers of cells undergoing apoptosis were counted using DAPI in 
immunofluorescence of HaCaT cells. The 1 hour post-treatment cultures showed a 
higher average number of cells were apoptotic in the 0.45M potassium thioglycolate 
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 treatment with added JNK inhibitor than any other condition. This was followed by 
45mM potassium thioglycolate, and finally the 44mM guanidine carbonate treatment, 
though these results were not significant. The 48 hours post-treatment differences are 
significant. There was a significant increase in apoptotic cells after treatment with 0.45M 
potassium thioglycolate with added JNK inhibitor II, suggesting the JNK inhibitor II is not 
preventing apoptosis and its inhibition may be promoting apoptosis. However, this 
finding is not supported by other studies, which have found that JNK inhibition provides 
protection against apoptosis of HaCaT cells when irradiated with UV light (Lee et al., 
2009) or when cytotoxic chemicals have been applied to the cells (Lu et al., 2011; Black 
et al., 2013).  
The cell viability assay showed that 0.4M guanidine carbonate significantly lowered cell 
viability to 7% that of untreated control cells and decreased viability of 0.4M potassium 
thioglycolate treated HaCaT cells to 76%. This shows that the depilatory chemicals do 
affect apoptosis of HaCaT cells, though keratinocytes in the epidermal model appear to 
have additional protection from the chemicals by the stratum corneum. 
5.4.3. Conclusion 
The most efficacious chemical hair depilatory is the novel combination of potassium 
thioglycolate with guanidine carbonate. The second most efficacious chemical hair 
depilatory is the commercial potassium thioglycolate as present in Veet HydroRestor. 
These two depilatories do not appear to affect keratinocyte differentiation, 
proliferation, or stress through the HSP pathway. Therefore, potassium thioglycolate 
with guanidine carbonate may be a viable product for market, though more research 
should be carried out upon any cytokine production in the skin. Additionally, these 
results show that potassium thioglycolate with guanidine carbonate should not be used 
upon damaged skin where basal cells may be exposed, as the HaCaT cells have been 
negatively affected by 0.4M guanidine carbonate. Nor should potassium thioglycolate 
with guanidine carbonate be used upon areas with a thinner stratum corneum, such as 
the face, as more layers of cornified envelopes should be present to protect the 
underlying living cell layers. 
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Fig. 5.1. A) Chemical structure of thioglycolic acid. B) Schematic of the
epidermis. The four cell layers of the epidermis increasingly differentiate
as they migrate to the skin surface. Keratin 14 is principally found in
basal cells and involucrin expression starts at the stratum spinosum. C)
Simplified schematic of the JNK pathway.
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Fig. 5.2. H&E stained passage 3 and passage 4 HEKn epidermal models.
A) Epidermal model using recently thawed P3 HEKn cells. A
representative photomicrograph of 2 imaged models is shown. B)
Epidermal model using recently passaged P4 HEKn cells. A
representative photomicrograph of 3 imaged models is shown. Sc =
stratum corneum, sg = stratum granulosum, ss = stratum spinosum, sb =
stratum basale. Scale bars = 50µm.
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Fig. 5.3. Increase in untreated hair diameter with hydration in distilled
water. A) The cuticle and cortex at approximately 1 minute and 2.5
minutes into hydration, with lines marking points of reference between
the images. Representative photomicrographs of 4 imaged hairs are
shown. B) Paired hairs above and below the skin interface (n=4). Scale
bar = 10µm.
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Fig. 5.4. Intensity and FLIM images of untreated control hairs. A)
Transverse. B) Cuticle. C) Cortex. Intensity and FLIM images of transversely
and longitudinally imaged hair showing the cuticle and cortex. Each FLIM
image also shows a graph of the frequency of lifetimes, x-axis=time (ns), y-
axis=frequency (M.counts). Representative photomicrographs of 36
imaged hairs are shown. N.B. The pink markers on the lifetime graphs
indicate the upper (red) and lower (blue) lifetime limits. Scale bars = 25µm.
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Fig. 5.5. Intensity and FLIM images of calcium thioglycolate treated hair.
A) Transverse. B) Cuticle. C) Cortex. Intensity and FLIM images of
transversely and longitudinally imaged hair showing the cuticle and cortex.
Each FLIM image also shows a graph of the frequency of lifetimes, x-axis =
time (ns), y-axis = frequency (M.counts). Representative photomicrographs
of 9 imaged hairs are shown. N.B. The pink markers on the lifetime graphs
indicate the upper (red) and lower (blue) lifetime limits. Scale bars = 25µm.
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Fig. 5.6. Intensity and FLIM images of potassium thioglycolate treated
hair. A) Transverse. B) Cuticle. C) Cortex. Intensity and FLIM images of
transversely and longitudinally imaged hair showing the cuticle and cortex.
Each FLIM image also shows a graph of the frequency of lifetimes, x-axis =
time (ns), y-axis = frequency (M.counts). Representative photomicrographs
of 8 imaged hairs are shown. N.B. The pink markers on the lifetime graphs
indicate the upper (red) and lower (blue) lifetime limits. Scale bars = 25µm.
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Fig. 5.7. Dynamic imaging confocal fluorescence intensity time lapse of
potassium thioglycolate treated hair at the cuticle. 405nm excited
autofluorescence. The final image is taken using higher resolution settings.
T = time since start of treatment. Representative photomicrographs of 6
imaged hairs are shown. Scale bars = 25µm.
T = 10 minT = 7 min
T = 5 minT = 3 min
T = 1 minT = 0 min
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Fig. 5.8. Dynamic imaging confocal fluorescence intensity time lapse of
potassium thioglycolate treated hair at the cortex. 405nm excited
autofluorescence. The final image is taken using higher resolution settings.
T = time since start of treatment. Representative photomicrographs of 6
imaged hairs are shown. Scale bars = 25µm.
T = 10 minT = 9 min
T = 7 minT = 5 min
T = 3 minT = 0 min
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Fig. 5.9. FeSEM of potassium thioglycolate treated hair. Hair treated for 4
minutes with 0.45M thioglycolate, white boxes show corresponding
magnified areas. A) Loss of cuticle showing through to the cortex. B) Intra-
cuticle layers peeled back. C) Jagged cuticle edges which have cracks on
the cuticle surface. D) Degradation of the cuticle. Representative
photomicrographs of 3 imaged hairs are shown.
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Fig. 5.10. TEM of potassium thioglycolate treated hair. Hair in
transverse section treated for 4 minutes with 0.45M thioglycolate. A)
Whole hair, a black arrow spans the lighter outer perimeter of the hair.
B) Deformation in shape of cuticle. C) Fewer and degraded cuticle layers.
Scale bars = (A) 10µm, (B) 500nm, (C) 2µm. Representative
photomicrographs of 3 imaged hairs are shown.
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Fig. 5.11. Intensity and FLIM images of potassium thioglycolate and
guanidine treated hair. A) Transverse. B) Cuticle. C) Cortex. Intensity and
FLIM images of transversely and longitudinally imaged hair showing the
cuticle and cortex. Each FLIM image also shows a graph of the frequency
of lifetimes, x-axis = time (ns), y-axis = frequency (M.counts).
Representative photomicrographs of 7 imaged hairs are shown. N.B. The
pink markers on the lifetime graphs indicate the upper (red) and lower
(blue) lifetime limits. Scale bars = 25µm.
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Fig. 5.12. Dynamic imaging confocal fluorescence intensity time lapse
of potassium thioglycolate and guanidine carbonate treated hair at the
cuticle. 405nm excited autofluorescence. The final image is taken using
higher resolution settings. T = time since start of treatment.
Representative photomicrographs of 5 imaged hairs are shown. Scale
bars = 25µm.
T = 0 min T = 1 min
T = 3 min T = 5 min
T = 7 min T = 10 min
275
Fig. 5.13. Dynamic imaging confocal fluorescence intensity time lapse
of potassium thioglycolate and guanidine carbonate treated hair at the
cortex. 405nm excited autofluorescence. The final image is taken using
higher resolution settings. T = time since start of treatment.
Representative photomicrographs of 5 imaged hairs are shown. Scale
bars = 25µm.
T = 0 min
T = 5 min
T = 9 min
T = 7 min
T = 3 min
T = 10 min
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Fig. 5.14. FeSEM of potassium thioglycolate and guanidine carbonate
treated hair. Hair treated for 4 minutes with 0.45M potassium
thioglycolate and 0.44M guanidine carbonate. A) Jagged cuticle edges
(arrows). B) Degradation of the cuticle (cu) through to the cortex (co). C)
Large cracks in the cuticle. D) Holes in the cuticle of approximately
100nm in diameter (arrows). E) Holes in the cuticle get larger (arrow)
exposing the cortex (co). F) Structures from degradation made up of
granules approximately 20nm in diameter. Representative
photomicrographs of 3 imaged hairs are shown.
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Fig. 5.15. TEM of potassium thioglycolate and guanidine carbonate
treated hair. Hair in transverse section treated for 4 minutes with 0.45M
potassium thioglycolate and 0.44M guanidine carbonate. A) Misshaping
of the cuticle layer (arrow). B) Fewer cuticle layers. C) Cuticle cells
become detached. Representative photomicrographs of 3 imaged hairs
are shown. Scale bars = 1µm.
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Fig. 5.16. Intensity and FLIM images of guanidine carbonate pH12.5
treated hair. A) Transverse. B) Cuticle. C) Cortex. Intensity and FLIM images
of transversely and longitudinally imaged hair showing the cuticle and
cortex. Each FLIM image also shows a graph of the frequency of lifetimes,
x-axis = time (ns), y-axis = frequency (M.counts). Representative
photomicrographs of 8 imaged hairs are shown. N.B. The pink markers on
the lifetime graphs indicate the upper (red) and lower (blue) lifetime
limits. Scale bars = 25µm.
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Fig. 5.17. Dynamic imaging confocal fluorescence intensity time lapse
of guanidine carbonate pH12.5 treated hair. 405nm excited
autofluorescence of the hair during treatment. T = time since start of
treatment. Representative photomicrographs of 5 imaged hairs are
shown. Scale bars = 25µm.
T = 1 min
T = 5 minT = 3 min
T = 10 minT = 7 min
T = 0 min
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Fig. 5.18. FeSEM of guanidine carbonate pH12.5 treated hair. Hair
treated for 4 minutes with 0.44M guanidine carbonate at pH12.5. A)
Jagged cuticle edges. B) Endocuticle (en) residue. C) Degradation of
cuticle cell. D) Cracks (arrow) and granules on cuticle surface.
Representative photomicrographs of 3 imaged hairs are shown.
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Fig. 5.19. TEM of guanidine carbonate pH12.5 treated hair. Hair in
transverse section treated for 4 minutes with 0.44M guanidine
carbonate pH12.5. Cuticles show signs of degradation (arrows) with
separation occurring between the outer cells. Scale bars = 500nm.
Representative photomicrographs of 3 imaged hairs are shown.
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Fig. 5.20. Intensity and FLIM images of guanidine carbonate pH11.4
treated hair. A) Transverse. B) Cuticle. C) Cortex. Intensity and FLIM images
of transversely and longitudinally imaged hair showing the cuticle and
cortex. Each FLIM image also shows a graph of the frequency of lifetimes,
x-axis = time (ns), y-axis = frequency (M.counts). Representative
photomicrographs of 8 imaged hairs are shown. N.B. The pink markers on
the lifetime graphs indicate the upper (red) and lower (blue) lifetime limits.
Scale bars = 25µm.
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Fig. 5.21. Dynamic imaging confocal fluorescence intensity time lapse of
guanidine carbonate pH11.4 treated hair at the cuticle. 405nm excited
autofluorescence. The final image is taken using higher resolution settings.
T = time since start of treatment. Representative photomicrographs of 5
imaged hairs are shown. Scale bars = 25µm.
T = 7 min
T = 5 minT = 3 min
T = 1 minT = 0 min
T = 10 min
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Fig. 5.22. Dynamic imaging confocal fluorescence intensity time lapse of
guanidine carbonate pH11.4 treated hair at the cortex. 405nm excited
autofluorescence. The final image is taken using higher resolution settings.
T = time since start of treatment. Representative photomicrographs of 5
imaged hairs are shown. Scale bars = 25µm.
T = 9 min
T = 7 minT = 5 min
T = 3 minT = 0 min
T = 10 min
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Fig. 5.23. FeSEM of guanidine carbonate pH11.4 treated hair. Hair
treated for 4 minutes with 0.44M guanidine carbonate at pH11.4. A)
Jagged cuticle edges (arrows). B) Cuticle cells separating by
approximately 50nm (arrows). C) Cuticle surface covered in deposits
(arrow). D) Deposits (arrow) appear crystalline. E) Cracks in cuticle
surface (arrow). F) Cuticle surface covered in granules (arrows)
approximately 20nm in diameter. Representative photomicrographs of 3
imaged hairs are shown.
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Fig. 5.24. TEM of guanidine carbonate pH11.4 treated hair. Hair in
transverse section treated for 4 minutes 0.44M guanidine carbonate
pH11.4. A) Cuticle shows signs of degradation (arrows) with fewer
cuticle cell layers. B) Some hair cuticles appear unaffected by the
treatment with many cell layers. Representative photomicrographs of 3
imaged hairs are shown. Scale bars = 500nm.
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Fig. 5.25. Percentage change in hair diameter after treatment for 10
minutes. Thioglycolate and guanidine based chemistries. Fully hydrated
hair used as control. Hydration (n=8), potassium thioglycolate (n=5),
potassium thioglycolate + guanidine (n=3), guanidine pH12.5 (n=5),
guanidine pH11.4 (n=3). Error bars = +/- 2*SEM.
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Fig. 5.26. AlexaFluor 633 C5
Maleimide stains the thiol groups
in treated hair. A) Untreated
control hair. B) Potassium
thioglycolate treated hair. C)
Potassium thioglycolate and
guanidine treated hair. D)
Guanidine pH12.5 treated hair. E)
Guanidine pH11.4 treated hair.
Double-headed arrows show
extent of thioglycolate
penetration. Representative
photomicrographs shown of
A,B,D,E) 6 and C) 4 imaged hairs.
Scale bars = 10µm.
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Fig. 5.27. Percentage increase in hair diameter over 10 minutes
hydration in DI water. For untreated and treated hair with thioglycolate
and guanidine chemistries (n=3 per treatment). Error bars = +/-SEM.
Work carried out by P&G.
, K
,K
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Fig. 5.28. Average fluorescence lifetimes of potassium thioglycolate
and guanidine carbonate treated hair at ambient humidity, 70%
humidity and hydrated hair. A) Hairs excited with 470nm (n=3 per
treatment). B) Hairs excited with 640nm (n=3 per treatment). Error bars
= +/- 2*SEM.
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Fig. 5.29. Break ratio reduction of treated hairs with thioglycolate and
guanidine chemistries. The higher the break ratio reduction, the more
the hair has been weakened by the treatment (n=25). Work carried out
by P&G.
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Fig. 5.30. Confocal fluorescence intensity images of hair treated with
lithium bromide. Hair treated with 8M lithium bromide at the cuticle,
the cuticle magnified, and the cortex. CHM22 = LiBr treatment at 25°C
for 20 minutes. CHM23 = LiBr treatment at 85°C for 20 minutes. CHM24
= LiBr treatment at 25°C for 5 minutes. CHM25 = LiBr treatment at 25°C
for 5 days. Representative photomicrographs shown of 9 imaged hairs of
each treatment. Scale bars = 10µm.
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Fig. 5.31. Emission spectra of hair treated with lithium bromide. Hair
treated with lithium bromide under four conditions excited with nine
laser lines. A) CHM22 = LiBr treatment at 25°C for 20 minutes. B) CHM23
= LiBr treatment at 85°C for 20 minutes. C) CHM24 = LiBr treatment at
25°C for 5 minutes. D) CHM25 = LiBr treatment at 25°C for 5 days. These
emission spectra for one hair are representative of the five hairs
analysed.
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Fig. 5.32. Intensity and FLIM images of hair treated with 8M lithium
bromide. Images of transversely imaged hair treated with four lithium
bromide solutions in which the time and temperature are varied. Each
FLIM image also shows a graph of the frequency of lifetimes, x-axis =
time (ns), y-axis = frequency (M.counts). Representative
photomicrographs of 6 imaged hairs for each treatment are shown. N.B.
The pink markers on the lifetime graphs indicate the upper (red) and
lower (blue) lifetime limits. Scale bars = 25µm.
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Fig. 5.33. Hair treated with calcium
iodide and SLS. Confocal
fluorescence intensity with 405nm
excitation. A) Hair treated with 28%
SLS only, showing raised cuticle cells.
Representative photomicrograph of 3
imaged hairs is shown. B-D) Hair
treated with 25% CaI2 and 2% SLS. B)
Hair shows cuticle disruption. C) Hair
shows loss of cuticle cells (arrow)
exposing the cortex. D) Cortex (co) of
beard hair is visible, indicating loss of
cuticle (cu) cell layers. E) Little
apparent effect on other hairs.
Representative photomicrographs of
10 imaged hairs are shown. Scale
bars = 10µm.
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Fig. 5.34. Intensity and FLIM images of CaI2 + SLS treated hair. 405nm
intensity and 470nm FLIM images of transversely imaged hair and
longitudinally imaged hair showing the cuticle and cortex. Each FLIM
image also shows a graph of the frequency of lifetimes, x-axis = time
(ns), y-axis = frequency (M.counts). Representative photomicrographs of
5 longitudinally and 6 transversely imaged hairs are shown. N.B. The
pink markers on the lifetime graphs indicate the upper (red) and lower
(blue) lifetime limits. Scale bars = 10µm.
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Fig. 5.35. Fluorescence intensity images of hair treated with CTAB and
SLS. Confocal microscopy with 405nm excitation of Chinese head hairs
treated with 2% CTAB pH9.41 for 5 minutes and 0.5% SLS for 5 minutes,
showing varying degrees of cuticle flaring. A) Moderate cuticle flaring. B)
Intense cuticle flaring. C) Little cuticle flaring. Representative
photomicrographs of 6 imaged hairs are shown. Scale bars = 10µm.
BA
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Fig. 5.36. Intensity and FLIM images of CTAB and SLS treated hair. A)
Transverse. B) Cuticle. C) Cortex. Intensity and FLIM images of
transversely and longitudinally imaged hair showing the cuticle and
cortex. Each FLIM image also shows a graph of the frequency of
lifetimes, x-axis = time (ns), y-axis = frequency (M.counts).
Representative photomicrographs of 10 imaged hairs are shown. N.B.
The pink markers on the lifetime graphs indicate the upper (red) and
lower (blue) lifetime limits. Scale bars = 25µm.
405nm Intensity FLIM 470nm FLIM 640nm
0 1 2 3 4 5
3.6
0 1 2 3 4 5
0.8
0 1 2 3 4 5
3.1
0 1 2 3 4 5
2.1
0 1 2 3 4 5
6.8
0 1 2 3 4 5
5.9
A
B
C
310
Fig. 5.37. Fluorescence lifetimes
of treated hair excited with
470nm. Average lifetimes of the A)
cuticles, B) cortices and C)
medullas of treated hair with the
indicated chemistries. (Untreated
n=38, hydrated n=6, calcium
thioglycolate n=9, potassium
thioglycolate n=6, potassium
thioglycolate + guanidine n=7,
guanidine pH12.5 n=8, guanidine
pH11.4 n=8, LiBr 25°C 20 minutes
n=15, LiBr 85°C 20 minutes n=9,
LiBr 25°C 5 minutes n=8, LiBr 25°C
5 days n=8, CaI2+SLS n=8,
CTAB+SLS n=10). Error bars = +/-
2*SEM.
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Fig. 5.38. Fluorescence lifetimes
of treated hair excited with
640nm. Average lifetimes of the
A) cuticles, B) cortices and C)
medullas of treated hair with the
indicated chemistries. (Untreated
n=36, hydrated n=6, calcium
thioglycolate n=9, potassium
thioglycolate n=6, potassium
thioglycolate + guanidine n=6,
guanidine pH12.5 n=8, guanidine
pH11.4 n=7, LiBr 25°C 20 minutes
n=12, LiBr 85°C 20 minutes n=6,
LiBr 25°C 5 minutes n=6, LiBr 25°C
5 days n=6, CTAB+SLS n=10). Error
bars = +/- 2*SEM.
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Fig. 5.39. Modified colony formation assay of treated HaCaT cells.
HaCaT cells treated for 4 minutes with indicated chemicals in triplicate.
Untreated controls
0.4M Potassium 
thioglycolate
40mM Potassium 
thioglycolate
4mM Potassium 
thioglycolate
0.4M Guanidine carbonate
40mM Guanidine carbonate
4mM Guanidine carbonate
Untreated controls with 
PBS wash
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Fig. 5.40. Cell viability assay of treated HaCaT cells. HaCaT cells treated
with 0.4M, 40mM, and 4mM each of potassium thioglycolate and
guanidine carbonate for 4 minutes. Negative control was untreated
HaCaT cells, positive control was HaCaT cells treated with 50µM JNK
inhibitor II. (For each treatment n=3). Log scale bar for concentration.
Error bars = +/- 2*SEM.
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Fig. 5.41. Western blots of HSPs in HaCaT cells 1 hour post-treatment.
HaCaT cells treated for 4 minutes with depilatory chemicals and
harvested 1 hour post-treatment, and immunoblotted for the following
proteins: A) HSP27, 1:1000 mouse monoclonal anti-HSP27 and 1:1000
polyclonal goat anti-mouse conjugated HRP; B) HSP70, 1:500 mouse
monoclonal anti-HSP70 and 1:1000 polyclonal goat anti-mouse
conjugated HRP. In both used loading controls: 1:2000 rabbit polyclonal
anti-GAPDH and 1:3000 donkey anti-rabbit conjugated HRP, and 1:500
mouse monoclonal anti-actin and 1:1000 polyclonal goat anti-mouse
conjugated HRP. Lane 1 = untreated. Lane 2 = untreated + DMSO. Lane 3
= 50µM JNK inhibitor II. Lane 4 = 0.45M potassium thioglycolate. Lane 5
= 0.45M potassium thioglycolate + 50µM JNK inhibitor II. Lane 6 =
45mM potassium thioglycolate. Lane 7 = 45mM potassium thioglycolate
+ 50µM JNK inhibitor II. Lane 8 = 4.5mM potassium thioglycolate. Lane 9
= 4.5mM potassium thioglycolate + 50µM JNK inhibitor II. Lane 10 =
44mM guanidine carbonate. Lane 11 = 4.4mM guanidine carbonate.
Corresponding graphs show relative amounts of protein. Representative
blots of experiments repeated in triplicate. Error bars = +/- 2*SEM.
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Fig. 5.42. Western blots of keratin 14 in HaCaT cells 1 hour and 48
hours post-treatment. HaCaT cells treated for 4 minutes with depilatory
chemicals and harvested: A) 1 hour post-treatment, 1:800 mouse
monoclonal anti-keratin 14 and 1:1000 polyclonal goat anti-mouse
conjugated HRP; B) 48 hours post-treatment, 1:800 mouse monoclonal
anti-keratin 14 and 1:1000 polyclonal goat anti-mouse conjugated HRP.
In both used loading controls: 1:2000 rabbit polyclonal anti-GAPDH and
1:3000 donkey anti-rabbit conjugated HRP, and 1:500 mouse
monoclonal anti-actin and 1:1000 polyclonal goat anti-mouse
conjugated HRP. Lane 1 = untreated. Lane 2 = untreated + DMSO. Lane 3
= 50µM JNK inhibitor II. Lane 4 = 0.45M potassium thioglycolate. Lane 5
= 0.45M potassium thioglycolate + 50µM JNK inhibitor II. Lane 6 =
45mM potassium thioglycolate. Lane 7 = 45mM potassium thioglycolate
+ 50µM JNK inhibitor II. Lane 8 = 4.5mM potassium thioglycolate. Lane 9
= 4.5mM potassium thioglycolate + 50µM JNK inhibitor II. Lane 10 =
44mM guanidine carbonate. Lane 11 = 4.4mM guanidine carbonate.
Corresponding graphs show relative amounts of keratin 14.
Representative blots of experiments repeated in triplicate. Error bars =
+/- 2*SEM.
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Fig. 5.43. Western blots of involucrin in HaCaT cells 48 hours post-
treatment. HaCaT cells treated for 4 minutes with depilatory chemicals
and harvested 48 hours post-treatment, and immunoblotted for
involucrin. Used 1:1000 mouse monoclonal anti-involucrin, 1:500 mouse
monoclonal anti-actin and 1:1000 polyclonal goat anti-mouse
conjugated HRP, 1:2000 rabbit polyclonal anti-GAPDH and 1:3000
donkey anti-rabbit conjugated HRP. Lane 1 = untreated. Lane 2 =
untreated + DMSO. Lane 3 = 50µM JNK inhibitor II. Lane 4 = 0.45M
potassium thioglycolate. Lane 5 = 0.45M potassium thioglycolate +
50µM JNK inhibitor II. Lane 6 = 45mM potassium thioglycolate. Lane 7 =
45mM potassium thioglycolate + 50µM JNK inhibitor II. Lane 8 = 4.5mM
potassium thioglycolate. Lane 9 = 4.5mM potassium thioglycolate +
50µM JNK inhibitor II. Lane 10 = 44mM guanidine carbonate. Lane 11 =
4.4mM guanidine carbonate. Corresponding graph shows relative
amounts of involucrin. Representative blot of experiment repeated in
triplicate. Error bars = +/- 2*SEM.
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Fig. 5.44. Immunofluorescence of HSP27, actin and DAPI in HaCaT cells
1 hour post-treatment. Immunofluorescence with 1:500 mouse
monoclonal anti-HSP27 and 1:800 goat anti-mouse AlexaFluor 594, and
1:500 phalloidin AlexaFluor 488, and 1:1000 DAPI. Representative
photomicrographs of experiments repeated in triplicate. Scale bar =
50µm.
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Fig. 5.45. Immunofluorescence of HSP70, actin and DAPI in HaCaT cells
1 hour post-treatment. Immunofluorescence with 1:200 mouse
monoclonal anti-HSP70 and 1:800 goat anti-mouse AlexaFluor 594, and
1:500 phalloidin AlexaFluor 488, and 1:1000 DAPI. Representative
photomicrographs of experiments repeated in triplicate. Scale bar =
50µm.
329
Fig. 5.46. Percentage of positive HaCaT cells for HSPs 1 hour post-
treatment. A) HSP27. B) HSP70. Treatment numbers: 1) untreated; 2)
untreated + DMSO; 3) untreated + 50µM JNK inhibitor II; 4) 0.45M
potassium thioglycolate; 5) 45mM potassium thioglycolate; 6) 4.5mM
potassium thioglycolate; 7) 0.45M potassium thioglycolate + 50µM JNK
inhibitor II; 8) 45mM potassium thioglycolate + 50µM JNK inhibitor II; 9)
4.5mM potassium thioglycolate + 50µM JNK inhibitor II; 10) 44mM
guanidine carbonate; 11) 4.4mM guanidine carbonate. Experiments
were repeated in triplicate. Error bars = +/- SD.
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Fig. 5.47. Immunofluorescence of keratin 14, actin and DAPI in HaCaT
cells 1 hour post-treatment. Immunofluorescence with 1:200 mouse
monoclonal anti-keratin 14 and 1:800 goat anti-mouse AlexaFluor 594,
and 1:500 phalloidin AlexaFluor 488, and 1:1000 DAPI. Representative
photomicrographs of experiments repeated in triplicate. Scale bar =
50µm.
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Fig. 5.48. Immunofluorescence of keratin 14, actin and DAPI in HaCaT
cells 48 hours post-treatment. Immunofluorescence with 1:200 mouse
monoclonal anti-keratin 14 and 1:800 goat anti-mouse AlexaFluor 594,
and 1:500 phalloidin AlexaFluor 488, and 1:1000 DAPI. Representative
photomicrographs of experiments repeated in triplicate. Scale bar =
50µm.
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Fig. 5.49. Immunofluorescence of involucrin, Ki67, and DAPI in HaCaT
cells 48 hours post-treatment. Immunofluorescence with 1:200 mouse
monoclonal anti-involucrin and 1:800 goat anti-mouse AlexaFluor 594,
and 1:250 rabbit monoclonal anti-Ki67 and 1:800 goat anti-rabbit
AlexaFluor 488, and 1:1000 DAPI. Representative photomicrographs of
experiments repeated in triplicate. Scale bar = 50µm.
338
A
B
Fig. 5.50. Average number of HaCaT cells for each treatment showing
number of apoptotic cells and cell cycle phase. Counted using Ki67 as
the indicator for cell cycle and DAPI as the indicator for apoptosis. A) 1
hour post treatment showing number of apoptotic cells. The field of
view is 387.5µm x 387.5µm. B) 48 hours post-treatment showing
number of apoptotic cells and numbers of cells in M-phase and S-phase
of the cell cycle. Treatment numbers: 1) untreated; 2) untreated+DMSO;
3) untreated + 50µM JNK inhibitor II; 4) 0.45M potassium thioglycolate;
5) 45mM potassium thioglycolate; 6) 4.5mM potassium thioglycolate; 7)
0.45M potassium thioglycolate + 50µM JNK inhibitor II; 8) 45mM
potassium thioglycolate + 50µM JNK inhibitor II; 9) 4.5mM potassium
thioglycolate + 50µM JNK inhibitor II; 10) 44mM guanidine carbonate;
11) 4.4mM guanidine carbonate. Experiments were repeated in
triplicate. Error bars = +/- SD.
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Fig. 5.51. Thioglycolate and guanidine treated cornified envelopes.
Cornified envelopes from 24 month old rat ear stained with 0.6mg/ml
Nile red. A) Untreated control cells. B) 0.1M Guanidine carbonate
treated cells. C) 0.45M Potassium thioglycolate treated cells. D) 0.2M
Potassium thioglycolate and 0.2M guanidine carbonate treated cells.
Arrows indicate brightly stained aggregates. Representative
photomicrographs of the experiment repeated in triplicate. Scale bars =
10µm.
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Fig. 5.52. Cryosections of the HEKn epidermal model stained with H&E
48 hours post-treatment. A) Untreated. B) Untreated + DMSO. C) 50µM
JNK inhibitor II. D) 0.45M Potassium thioglycolate. E) 0.45M Potassium
thioglycolate + 50µM JNK inhibitor II. F) 0.44M Guanidine carbonate.
Representative photomicrographs of the treatments which were carried
out in duplicate. Scale bars = 50µm.
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Fig. 5.53. Cryosections of the HEKn epidermal model stained with H&E
96 hours post-treatment. A) Untreated. B) Untreated + DMSO. C) 50µM
JNK inhibitor II. D) 0.45M Potassium thioglycolate. E) 0.45M Potassium
thioglycolate + 50µM JNK inhibitor II. F) 0.44M Guanidine carbonate.
Representative photomicrographs of the treatments which were carried
out in duplicate. Scale bars = 50µm.
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Fig. 5.54. HEKn epidermal thickness measurements after indicated
treatments. A) 48 hours post-treatment. B) 96 hours post-treatment.
Experiments repeated in duplicate. Error bars = +/- 2*SEM.
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Fig. 5.55. Paraffin sections of the HEKn epidermal model stained with
H&E 48 hours post-treatment. A) Untreated. B) Untreated + DMSO. C)
50µM JNK inhibitor II. D) 0.45M Potassium thioglycolate. E) 0.45M
Potassium thioglycolate + 50µM JNK inhibitor II. F) 0.44M Guanidine
carbonate. Sc = stratum corneum, sg = stratum granulosum, ss = stratum
spinosum, sb = stratum basale. Representative photomicrographs of the
treatments which were carried out in duplicate. Scale bars = 50µm.
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Fig. 5.56. Paraffin sections of the HEKn epidermal model stained with
H&E 96 hours post-treatment. A) Untreated. B) Untreated + DMSO. C)
50µM JNK inhibitor II. D) 0.45M Potassium thioglycolate. E) 0.45M
Potassium thioglycolate + 50µM JNK inhibitor II. F) 0.44M Guanidine
carbonate. Sc = stratum corneum, sg = stratum granulosum, ss = stratum
spinosum, sb = stratum basale. Representative photomicrographs of the
treatments which were carried out in duplicate. Scale bars = 50µm.
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Fig. 5.57. Immunohistochemistry of HSP27 and DAPI in the epidermal
model with HEKn cells 48 hours post-treatment. A) Untreated. B)
Untreated + DMSO. C) 50µM JNK inhibitor II. D) 0.45M Potassium
thioglycolate. E) 0.45M Potassium thioglycolate + 50µM JNK inhibitor II.
F) 0.44M Guanidine carbonate. Immunohistochemistry with 1:500
mouse monoclonal anti-HSP27 and 1:1000 goat anti-mouse AlexaFluor
488, and 1:1000 DAPI. Secondary antibody only controls gave no signal.
Scale bars = 50µm.
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Fig. 5.58. Immunohistochemistry of HSP27 and DAPI in the epidermal
model with HEKn cells 96 hours post-treatment. A) Untreated. B)
Untreated + DMSO. C) 50µM JNK inhibitor II. D) 0.45M Potassium
thioglycolate. E) 0.45M Potassium thioglycolate + 50µM JNK inhibitor II.
F) 0.44M Guanidine carbonate. Immunohistochemistry with 1:500
mouse monoclonal anti-HSP27 and 1:1000 goat anti-mouse AlexaFluor
488, and 1:1000 DAPI. Secondary antibody only controls gave no signal.
Scale bars = 50µm.
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Fig. 5.59. Immunohistochemistry of HSP70, keratin 14, and DAPI in the
epidermal model with HEKn cells 48 hours post-treatment. A)
Untreated. B) Untreated + DMSO. C) 50µM JNK inhibitor II. D) 0.45M
Potassium thioglycolate. E) 0.45M Potassium thioglycolate + 50µM JNK
inhibitor II. F) 0.44M Guanidine carbonate. Immunohistochemistry with
1:1000 mouse monoclonal anti-HSP70 and 1:1000 goat anti-mouse
AlexaFluor 488, 1:1000 rabbit polyclonal anti-keratin 14 and 1:1000
chicken anti-rabbit AlexaFluor 594, and 1:1000 DAPI. Secondary
antibody only controls gave no signal. Scale bars = 50µm.
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Fig. 5.60. Immunohistochemistry of HSP70, keratin 14, and DAPI in the
epidermal model with HEKn cells 96 hours post-treatment. A)
Untreated. B) Untreated + DMSO. C) 50µM JNK inhibitor II. D) 0.45M
Potassium thioglycolate. E) 0.45M Potassium thioglycolate + 50µM JNK
inhibitor II. F) 0.44M Guanidine carbonate. Immunohistochemistry with
1:1000 mouse monoclonal anti-HSP70 and 1:1000 goat anti-mouse
AlexaFluor 488, 1:1000 rabbit polyclonal anti-keratin 14 and 1:1000
chicken anti-rabbit AlexaFluor 594, and 1:1000 DAPI. Secondary
antibody only controls gave no signal. Scale bars = 50µm.
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Fig. 5.61. Immunohistochemistry of involucrin and DAPI in the
epidermal model with HEKn cells 48 hours post-treatment. A)
Untreated. B) Untreated + DMSO. C) 50µM JNK inhibitor II. D) 0.45M
Potassium thioglycolate. E) 0.45M Potassium thioglycolate + 50µM JNK
inhibitor II. F) 0.44M Guanidine carbonate. Immunohistochemistry with
1:750 mouse monoclonal anti-involucrin and 1:1000 goat anti-mouse
AlexaFluor 488, and 1:1000 DAPI. Secondary antibody only controls gave
no signal. Scale bars = 50µm.
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Fig. 5.62. Immunohistochemistry of involucrin and DAPI in the
epidermal model with HEKn cells 96 hours post-treatment. A)
Untreated. B) Untreated + DMSO. C) 50µM JNK inhibitor II. D) 0.45M
Potassium thioglycolate. E) 0.45M Potassium thioglycolate + 50µM JNK
inhibitor II. F) 0.44M Guanidine carbonate. Immunohistochemistry with
1:750 mouse monoclonal anti-involucrin and 1:1000 goat anti-mouse
AlexaFluor 488, and 1:1000 DAPI. Secondary antibody only controls gave
no signal. Scale bars = 50µm.
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Fig. 5.63. Immunohistochemistry of actin and DAPI in the epidermal
model with HEKn cells 48 hours post-treatment. A) Untreated. B)
Untreated + DMSO. C) 50µM JNK inhibitor II. D) 0.45M Potassium
thioglycolate. E) 0.45M Potassium thioglycolate + 50µM JNK inhibitor II.
F) 0.44M Guanidine carbonate. Immunohistochemistry with 1:500
phalloidin AlexaFluor 488, and 1:1000 DAPI. Scale bars = 50µm.
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Fig. 5.64. Immunohistochemistry of actin and DAPI in the epidermal
model with HEKn cells 96 hours post-treatment. A) Untreated. B)
Untreated + DMSO. C) 50µM JNK inhibitor II. D) 0.45M Potassium
thioglycolate. E) 0.45M Potassium thioglycolate + 50µM JNK inhibitor II.
F) 0.44M Guanidine carbonate. Immunohistochemistry with 1:500
phalloidin AlexaFluor 488, and 1:1000 DAPI. Scale bars = 50µm.
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6.1. Conclusion 
Hair has long been an object of interest, for people interested in a wide range of fields 
from hair care to medicine to forensics to textiles (Bost, 1993; Shimomura and 
Christiano, 2010; Plowman et al., 2012; Crawford and Hernandez, 2014; Kim et al., 
2016). In this study human head hair was investigated both for pure scientific research 
into its structure which may later inform other research, and for the hair care industry 
into the effects of chemical depilatory treatments upon the hair and skin. 
6.1.1. Summary of findings 
Key accomplishments in this study were the development of an optical transverse 
imaging method as well as a dynamic imaging method. These methods contributed to 
many of the significant discoveries in this study. The optical transverse imaging method 
supports traditional methods of imaging the hair transversely such as by embedding the 
hair in resin (Swift et al., 2000; Kelch et al., 2000; Cruz et al., 2013), but has the 
advantage of being a faster and label-free method which does not require embedding 
or physical sectioning. Novel key findings regarding the native structure of hair were 
found for each of the hair compartments: the cuticle, the cortex and the medulla. Overall 
structures can be resolved using label-free autofluorescence. Each wavelength studied 
excited the hair, some more specifically than others, as 405nm excited the whole hair 
especially the exocuticle, CMC, cortical cells and organelle remnants, whereas 594nm 
and 633nm excitation mainly excited the free edge of the cuticle cells. 
Novel findings regarding the cuticle included multiple fluorescent lifetimes across the 
cuticle cell layers, indicating that they are potentially composed of multiple chemical 
environments. Four observable classes of cuticle population were found with possible 
differing components of covalently bound lipids, including 18-MEA, and KIFs and KAPs 
across the cuticle cell layers. The existing literature treats the cuticle as a homogenous 
structure and does not recognise differences between the layers. The use of FLIM 
provides a relatively new way of observing the hair, and experiments to alter the native 
state of the hair with exploration of the changes in lifetime give new insights into the 
chemical composition of structures. The cuticle cell length as well as cuticle circular 
organelle remnant number were found to possibly be an indicator of wear, and with 
sufficient cell layers, the cuticle could halt the penetration of light into the cortex. The 
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cuticle of the hair from a patient with an uncharacterised hair and skin disorder was 
shown to be poorly differentiated and distinguishable from healthy hair by the use of 
the transverse optical section method in confocal microscopy and FLIM. However, the 
use of this technique in the medical arena could be limited by the cost of the microscope. 
Additionally, cross-sectioning the hair for transverse imaging can result in a jagged cut, 
and it is difficult to consistently obtain cleanly cut sections of hair. Although, depending 
upon the depth of the hair breakage, optically sectioning the hair past the point where 
it was broken can limit the damage observed. 
Advances were made with respect to the cortex and cortical cells as they were found to 
have differing lifetimes when excited with 640nm and 470nm. The fluorescence 
lifetimes tended to increase with depth into the cortex, which could be accounted for 
by more glycine/tyrosine KAPs towards the centre of the hair (Shimomura and Ito, 2005), 
whereas the outer cortex has steryl glycoside-like lipids containing N-acetylglucosamine 
(Takahashi and Yoshida, 2014). The remnants in cortical cells may be both nucleic and 
from other organelles. FLIM may provide a method to help distinguish nuclear remnants 
from melanosome remnants and other organelle remnants such as mitochondria. In a 
study on one hair, a positive correlation was found between cortical organelle remnant 
area and the corresponding cortical cell area. The larger cortical cells in the earlier 
months of hair growth had smaller organelle remnants compared to those of the latter 
months, perhaps due to seasonal changes in hair growth, or nutritional or health factors 
(Randall and Botchkareva, 2009; Trueb, 2015). However, the validity of this data is 
limited as the data is only representative of one hair. Finally, by probing 
autofluorescence and reflection, a new method was developed to distinguish between 
eumelanin and pheomelanin through label-free optical sectioning of the hair. 
Some progress was made regarding the structure of the medulla. The globular air spaces 
of the medulla were reflective, whereas the filamentous components of the medulla 
were autofluorescent. In addition to this, it was found that the more autofluorescent 
the medulla, the longer its fluorescence lifetime. 
With regards to the effect of depilatories on the hair, thioglycolate-containing 
depilatories were the most effective. The experimental combination of potassium 
thioglycolate with guanidine carbonate caused the most damage to the hair. Dynamic 
imaging showed the mechanism of action of the depilatories upon the hair, which 
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demonstrated the drastic deformation of the cuticle and swelling of the cortex over time 
with the treatments involving potassium thioglycolate. The use of FLIM allowed 
chemical changes such as the reduction of disulphide bonds to be examined. These 
techniques complement the use of electron microscopy which is the preferred 
microscopy technique in previous works, though the mechanism of depilatory chemicals 
upon human hair has not been investigated for decades using microscopy (Reed et al., 
1946; Powers and Barnett, 1952; Wolfram and Underwood, 1966; Chao et al., 1979; 
Strussman, 1983; Zahn et al., 1986). The advantage of using dynamic imaging is that 
temporal and spatial information is generated on the effect of the depilatory upon the 
hair. Dynamic imaging as well as FLIM offers a rejuvenated platform for the imaging of 
hair treatments. Guanidine carbonate alone disrupted the cuticle cell CMC but showed 
little other damage to the hair structure as a whole. Hair was treated with lithium 
bromide under four different conditions, only two of which appeared to affect the hair. 
Hair treated at 85°C or for 5 days appeared to have more compact cuticle cells, and the 
cortex of the hair treated at 85°C appeared swollen. Calcium iodide and SLS treatment 
to the hair resulted in parts of the cuticle cell fracturing away. Hair treated with CTAB 
and SLS caused varying degrees of cuticle cell flaring. This is likely due to the CTAB and 
SLS removing the 18-MEA and some soluble lipids from the outer β-layer of the CMC 
(Gould and Sneath, 1985; Smith et al., 2010; Singh and Umapathy, 2011; Robbins, 2012). 
The investigation into the effect of depilatory chemicals upon the hair also gives new 
and supporting information on the structure of hair. The use of maleimide showed the 
depth of penetration of potassium thioglycolate into the hair and demonstrates the 
resistance and impermeability of the hair cortex, whilst showing that the cuticle is less 
resistant to the changes in morphology from reducing KIFs and KAPs. This suggests the 
disulphide bonds may have a greater role in sustaining the morphology of the cuticle 
than the cortex. The fact that CTAB, SLS and guanidine all raise the cuticle cells by 
extracting some soluble lipids from the CMC and 18-MEA shows that the lipids are 
important for the adhesion of cuticle cells. 
The main findings of the potassium thioglycolate and guanidine carbonate treatments 
on keratinocytes were that very few HaCaT cells remain viable after 0.4M guanidine 
carbonate treatment, as shown by the cell survival assay and the cell viability assay 
measuring an average metabolic activity at only 7% of that of the untreated cells. 
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Cornified envelopes treated with potassium thioglycolate showed aggregates upon their 
surface. Regarding the effects on certain proteins, no significant differences were found 
in the levels of HSP27 or HSP70 between cell treatments which means any stress 
response created by the depilatories is occurring through another pathway. 
Additionally, no significant differences were found in levels of keratin 14 between cell 
treatments, although there appeared to be less keratin 14 expression with time. 
Western blotting showed the amount of involucrin varied significantly only between cell 
cultures with and without the addition of JNK inhibitor II. Finally, the proliferation 
marker, Ki67, showed there were significantly fewer cells in M-phase and significantly 
more cells in S-phase after potassium thioglycolate with JNK inhibitor II treatment. These 
results showed that the two most efficacious depilatory treatments did not affect 
keratinocyte differentiation, proliferation or the stress response through the HSP 
pathway, and the structural integrity of the living cells of the epidermal model was 
maintained through the protection provided by the stratum corneum. Therefore, the 
experimental depilatory treatment remains as a potentially viable product for market. 
The stratum corneum and the cuticle are analogous structures. Both provide a barrier 
to the rest of the skin or hair (Tate et al., 1993; Gamez-Garcia, 1999; Ruetsch et al., 2000; 
Harper and Kamath, 2007; Robbins, 2012; Serita et al., 2014), both comprise layers of 
dead keratinised cells surrounded by lipids (Rice and Green, 1977; Nemes and Steinert, 
1999; Ponec et al., 1988; Wertz and Downing, 1991; Langbein et al., 2001; Hatta et al., 
2006; Thibaut et al., 2009; Robbins, 2012), both contain desmosomes (Swift and Smith, 
2002; Alibardi et al., 2013; Olivry and Dunston, 2015), and both contain isopeptide cross-
linking produced by transglutaminase-3 which make them more resistant to chemical 
damage (Rice et al., 1994; Rice and Green, 1977; Nemes and Steinert, 1999; Thibaut et 
al., 2009; Laatsch et al., 2014). The treatment of potassium thioglycolate on the stratum 
corneum and the cuticle revealed that aggregates form on the surface of both types of 
cell. These aggregates may be formed from the extraction of lipids from the cornified 
envelope and the cuticle, such as fatty acids, ceramides and cholesterol (Chao et al., 
1979; Strussman, 1983; Zahn et al., 1986; Eckhart et al., 2013). The aggregates may also 
be the result of reduced disulphide bonds breaking down the structure of some proteins, 
such as cystine in KIFs and KAPs in the cuticle and S100A3 in cornified envelopes 
(Bradbury and Ley, 1972; Swift and Bews, 1976; Swift, 1999; Shimomura and Ito, 2005; 
389 
 
Kizawa et al., 2011; Stanic et al., 2015). The isopeptide cross-links in both cell types give 
resistance to chemical assault, however the cuticle was more susceptible to 
thioglycolate than the stratum corneum. Although once the hair was dried the cuticle 
resumed a more native shape, suggesting the isopeptide cross-links are maintaining 
some of the cuticle morphology. 
These findings show how this study has contributed to the field, through 
experimentation creating novel findings on the structure and morphology of hair and 
depilatory action upon the hair and skin. 
6.1.2. Limitations 
The main limitation encountered with the data was the relatively small sample number, 
both of hair and cells, which limits the confidence of statistical data (McDonald, 2014). 
Additional repetition of cell experiments was limited due to time and other resources, 
and more repetition of some hair experiments was not carried out also due to time 
restraints both with the use of experimental facilities and lack of time nearing the 
project end. Some sample availability of hair was also limited, such as ginger hair, and in 
the uncharacterised hair disorder study the hair of additional healthy age and gender-
matched subjects of the same ethnicity would have been useful. In general, more hairs 
are needed for increased reliability of data, as there is much hair to hair variation even 
within individuals as reported in the literature (Robbins, 2012) and evident from FLIM 
imaging of cuticle structures in this study. 
With regards to the work on the keratinocytes, a limitation common to all researchers 
is the subjectivity of the counting of fluorescently positive cells in immunofluorescence 
(Russell et al., 2009; Bogdanov et al., 2014). This limitation is somewhat mitigated by 
also performing Western blotting which is a more objective technique. Western blotting 
also aids in judging the specificity of the antibody to the protein by the molecular weight, 
whereas immuno-staining alone carries the risk of being less specific (Jarius and 
Wildemann, 2013). Further controls to test the specificity of the antibodies would be 
useful in addition to the secondary-only antibody controls, such as by using primary 
antibodies specific to plants when testing on human skin samples. 
Dynamic imaging of the hair during treatment could only be done with the hair on a 
longitudinal axis. This was because if the hair was transversely orientated there was too 
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much movement of the hair from the action of the depilatories and contact of the hair 
with the glass cover slip was lost. 
The lipid extractions and protein changes for the investigation into the multiple 
fluorescence lifetimes of the cuticle had known affects upon the cuticle in each of the 
methods, such as the loss of soluble lipids, 18-MEA, or reduction of disulphide bonds 
(Wolfram and Underwood, 1966; Wertz and Downing, 1988; Masukawa et al., 2005b; 
Pappinen et al., 2008; Smith et al., 2010). However, many variables and unintentional 
chemical changes remain which could also affect the fluorescence lifetimes of hair, 
although pH change is not one of these (unpublished data from Hawkins and Maatta 
groups). In future experiments, it would be useful to have used standards, such as 18-
MEA, in the experiments as positive controls. 
6.2. Future research 
This study has opened new avenues of enquiry into the structure of hair and its 
interaction with chemicals. Given more time and funding, the following are areas which 
could be further explored. 
More repeats could be carried out for the hair studies, as there is much variation within 
and between individuals, and additional repeats would lead to a higher level of 
confidence in the results. The “melanin-like particles” study analysed three to six hairs 
from each colour and would benefit from a larger sample size to provide greater 
confidence in the statistical validity of the data. Likewise, the statistical analysis of the 
FLIM data would benefit from studying more samples of different colours. Another 
experiment which would greatly benefit from an increased sample number is the study 
which examined the structures along a year of hair growth. The number of beard hairs 
analysed using FLIM should also be increased. More club hairs and the attached matrix 
could be analysed using FLIM for hairs in telogen and anagen, as only three of each were 
analysed in this study. Finally, calcium iodide with SLS was not tested using the 640nm 
laser so it would be useful to gather this data in the future. 
The effort to identify the organelle remnants could be continued further than the 
examination of hairs in this study which used TEM, maleimide and FLIM, by the 
sectioning of hair with a microtome and application of nucleic stains. This may prove 
more fruitful than the previous use of DAPI and anti-lamin A/C because physical 
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sectioning could expose the interior of the nucleus, whereas previously the nucleic side 
may have been made inaccessible by the nuclear envelope. 
A larger study would be needed on more hairs along longer sections of hair of at least 
24cm to statistically validate the patterns observed in the measurements along a year 
of hair growth. This would ascertain whether the trends observed along 12cm of hair of 
the structure sizes are random, seasonal, or have any other annual pattern. However, 
detailed imaging of such long hair samples would be very labour intensive. To mitigate 
this, fewer measurements could be made across more hairs. 
The CTAB lipid extraction method should be carried out using the GC/MS analysis 
method by Smith et al., 2010 to show that 18-MEA is being removed from the hair 
cuticle. Through the use of other GC/MS methods further lipids could be identified from 
the lipid extractions of hair. Internal standards could also be used to quantify the 
amounts of lipid present. 
If not constrained by the policy restricting research involving animals, animal models 
with known mutations or ablations for KIFs, KAPs or hair lipids could be investigated to 
probe if the presence or absence of specific molecules can be linked to changes in hair 
structure and fluorescence lifetime. These results could also be used potentially for 
diagnostic purposes in human disease. Genetic mutations or ablations could be made to 
the enzymes generating hair cuticle lipids, such as the enzyme branched chain 2-oxo 
acid dehydrogenase for generating 18-MEA (Jones and Rivett, 1997). Genetics studies 
on mice by using a keratin gene cluster resource such as that by Hesse et al. would 
provide information on keratins to mutate or ablate (Hesse et al., 2004). Mouse mutants 
used in previous studies and the effects on the hair shaft are reviewed in Nakamura et 
al. and this provides a useful resource for choosing mouse mutants (Nakamura et al., 
2013). Of particular interest is the epidermal targeted mutation Notch1 mouse model, 
which results in hair containing bulbous perturbations in the hair shafts as well as 
disorganised and fewer trichohyalin granules in the medulla (Pan et al., 2004). The DLX3 
epidermal targeted mutant mouse model has undifferentiated hair shafts, which would 
be interesting to examine using the techniques developed in this study (Hwang et al., 
2008). The forkhead box Q1 satin mouse model would be useful for investigating 
changes to the fluorescence lifetimes due to the abnormal keratinisation of the hair 
shafts (Major, 1955). Finally, the SRY-box containing gene 21 mouse model would 
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further studies into the cuticle fluorescence lifetimes as it possesses abnormal cuticle 
formation, and is also missing the interlocking structure between the cuticle and the 
inner root sheath (Kiso et al., 2009). 
Human diseases where the keratin mutations are known could also be useful to further 
explore changes in hair structure and the effects upon fluorescence lifetime. This would 
be faster and cheaper than using animal models, though less controlled. One such 
disease which could be investigated is monilethrix, which has been shown to have 
mutations in several keratin genes including hHb1, hHb3, hHb6, subfamilies of K81, K83, 
and K86 respectively (Winter et al., 1998; van Steensel et al., 2005; Winter et al., 1997). 
These keratins are expressed in the cortex and medulla (Langbein et al., 2010), so it 
would be interesting to see how this would affect the lifetime. Pachyonychia congenita 
and autosomal recessive hypotrichosis with woolly hair are diseases where there are 
mutations in K17 and K25 respectively which are also expressed in the medulla (Smith 
et al., 2001; Zernov et al., 2016). There may also be changes to the fluorescence lifetime 
of the medulla in these diseases. A disease which affects keratin in the cuticle is 
ectodermal dysplasia of hair and nail type, which has a mutation in KRTHB5, a subfamily 
of K85 (Naeem et al., 2006). As well as informing how changing a keratin in the cuticle 
may affect its structure and fluorescence lifetime, KRTHB5 is also expressed in the matrix 
in the cortex so changes may also be observed there (Langbein et al., 2010). Finally, 
maple syrup urine disease would also be interesting to use in FLIM as hairs do not have 
18-MEA (Smith and Swift, 2005). It would be interesting to compare the fluorescence 
lifetimes of these hairs against those of CTAB treated Chinese scalp hairs. FLIM could 
then also be used as a useful diagnostic tool to provide further insight into diseases and 
enhance diagnostic methods, as it has been used in this study for the uncharacterised 
hair and skin disorder. 
To further compare the differences between the hair of the patient affected with the 
uncharacterised hair and skin disorder with healthy hair, lipid extractions could be 
performed to identify any differences in lipid composition. The hair could also be 
sectioned and immuno-stained against the various keratins to test for differences in 
types of KIF and KAP. 
Successfully combining the transverse imaging method and the dynamic imaging 
method would allow for transverse dynamic imaging. This would provide a new 
393 
 
perspective on the hair during treatments and would allow for greater insight into the 
actions of chemicals upon the cuticle cell layers which are visible only through transverse 
imaging. 
The methods developed in this study could be used to further investigate structural and 
chemical changes in hair as a response to external damage (such as UV radiation, 
chemical bleaching and heat). The methods could also be used to potentially visualise 
the penetration dynamics of hair dye chemicals into the hair and whether the 
penetration routes are transcellular or intercellular, offering greater resolution and 
temporal and spatial freedom than previous studies (Wortmann et al., 1997; Kelch et 
al., 2000; Formanek et al., 2006). 
To gather more information on the action of the depilatory chemicals upon the hair and 
skin, the concentrations of the chemicals could be varied beyond those found in 
commercial products. Cell survival and death assays could be carried out to determine 
the percentage of cells surviving each treatment and concentration. 
Stress to the skin has been observed from depilatory treatment in previous studies 
(Syed, 1995; Hahn, 1999; Syed and Naqvi, 2000; Haque and Al-Ghazal, 2004; Kindred et 
al., 2011; Tackey et al., 2013) and cell viability has been lowered through depilatory 
treatment, yet heat shock proteins do not appear to be involved. It may be that 
proinflammatory cytokines are released after chemical depilatory treatment, as they are 
after a hair relaxer treatment (Tackey et al., 2013). Such cytokines could be tested for 
including interleukin-1α, interleukin-1 receptor antagonist, interleukin-8, and 
interleukin-10. Future work should include assays such as ELISAs from conditioned 
media or RT-PCR to measure the cytokine response to chemical depilatory treatment to 
assess irritation in the skin. It would be particularly useful to use a multi-plexing method 
to perform the cytokine analysis as this would allow a wide panel of cytokines to be 
targeted simultaneously, which would greatly save on time while remaining a highly 
sensitive technique. Multiplex Bead Array assays would be suitable, as found on the 
Luminex system, or alternatively the electrochemiluminescent Meso Scale Discovery 
Sector Imager would be appropriate for this function (Khan et al., 2004; Dabitao et al., 
2011). 
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The thickness of the stratum corneum of the epidermis varies according to the body site 
(Bohling et al., 2014). The thickness of the stratum corneum necessary to protect the 
living keratinocytes beneath from the negative effects of the chemical depilatories could 
be determined. The effect of the depilatories on epidermal models with differing 
stratum corneum thicknesses could be measured using the cytokine assays. Varied 
thicknesses of the stratum corneum may be achieved, possibly through the use of JNK 
inhibitor II to increase differentiation, which should be used earlier than day 10 of the 
air-liquid interface so as not to deplete the numbers of basal cells. 
These suggested experiments will add further insight into the contribution this study has 
made to the field. The expanding field of hair and skin research continues to yield 
exciting results. The work carried out in this study has advanced the knowledge of the 
structure and morphology of hair and the action of chemical stressors upon the hair and 
skin. This research, and the results of suggested future research, have the potential to 
have an impact in both the consumer good and healthcare industries, as well as scientific 
blue-sky research. 
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